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Silicon-based Metal-oxide-semiconductor field effect transistors (MOSFET) 
devices have been thrust of research over the years and are the most developed. 
However, recent development has allowed silicon system technology to approach the 
theoretical limits, such as higher blocking voltage, switching frequency and large gate 
leakage current. To overcome these limitations, during the past several years, a new 
group of materials has emerged as candidates to replace silicon in the near future, 
which has enabled applications from optoelectronics devices to high-power, high-
temperature, and high-frequency microelectronic devices. This group is known as the 
wide band-gap semiconductors (WBGs), and is led by SiC, ZnO and GaN. These 
large band-gap materials allow commercialization in power MOSFET devices, where 
Si cannot be used. Besides the recent progress of wide band-gap semiconductor to 
replace silicon in MOSFET devices, high-k oxides have been proposed as alternatives 
to replace conventional silicon dioxide in MOS devices. It is clear that the dielectric 
layer downscaling in MOSFET device is limited by the leakage current problem and it 
is an urgent task to introduce new dielectric material with higher dielectric constant 
(high-k) to replace silicon dioxide as the gate dielectrics. Therefore, in this thesis, 
integration of high-k dielectric materials with wide band-gap semiconductors was 
studied by using both experimental and theoretical methods.  
The growth and characterization (e.g. electronic structure, thermal stability) of 
HfO2 films on various wide band-gap semiconductor substrates (SiC, GaN and ZnO) 
were studied by in situ x-ray photoelectron spectroscopy (XPS). The band alignment 
at the HfO2/WBGs interface was accurately measured by XPS using a core-level 





wide band-gap semiconductor substrates (SiC, GaN and ZnO) indicate that HfO2 
dielectric is a promising candidate to be integrated with various wide band-gap 
semiconductors in the downscaling of MOSFET devices. The effects of interfacial 
structure on the band alignments and thermal stabilities of HfO2 films on SiC, GaN 
and ZnO substrates were also studied. It was found that the interfacial layer changed 
the band alignments by modifying the interfacial dipoles, which indicates that it is 
essential to understand and control the interfacial structure to improve the device 
performance. 
Ni was chosen as a prototype of metal gates to be grown on HfO2 to fabricate the 
Ni/HfO2/WBGs MOS capacitors. The capacitance and current properties responding 
to the variation of bias voltage of Ni/HfO2/WBGs MOS gate stacks in comparison 
with these of gate stacks after rapid thermal process (RTP) in nitrogen and oxygen 
ambient was investigated. It can be seen that the RTP can effectively reduce oxygen 
vacancies in the as-deposited HfO2 films. As a result, interface quality of HfO2/WBGs 
after RTP was improved. 
The effect of nitridation on the electronic structures and thermal stabilities of 
high-k dielectrics films (HfO2) was studied by using in situ x-ray photoelectron 
spectroscopy (XPS) and First-principles calculations. It was found that nitrogen 
doping not only can passivate the oxygen vacancies in high-k dielectrics films, but 
also can change the electronic structure of high-k dielectric films. This work suggests 
that the nitridation process should be well-controlled to optimize the performance of 
high-k dielectric films. 
The research of such integration of high dielectric oxide films on wide band-gap 





important not only for the fundamental research, but also in the field of semiconductor 



























List of Tables 


























List of Figures 
Chapter 1 
Figure 1.1 Historical trend of transistor scaling agrees with the Moore’s Law ............ 8 
Figure 1.2 Schematic of high-k gate oxide replace the SiO2 in MOS device ............... 9 
Figure 1.3 Schematic of band offsets determining carrier injection in oxide band 
states ............................................................................................................................. 13 
Figure 1.4 Energy band diagram for illustrating the core-level based XPS method to 
investigate the band offsets at high-k dielectrics/WBGs interfaces. ............................ 16 
Figure 1.5 C-V measurement circuit for MOS capacitor structure  ............................. 21 
Figure 1.6 Energy-band diagrams of an ideal MIS capacitor with a p-type 
semiconductor at V
G
≠0 for (a) accumulation, (b) depletion, and (c) inversion 
conditions ..................................................................................................................... 22 
 
Chapter 2 
Figure 2.1 Schematic Pulsed Laser Deposition (PLD) system. .................................. 28 
Figure 2.2 Schematic illustration of a RF sputtering chamber.................................... 29 
Figure 2.3 Schematic Omicron EFM3 e-Beam evaporator system............................. 31 
Figure 2.4 Schematic diagram of a rapid thermal processing system. ........................ 32 
Figure 2.5 Schematic photoemission process of XPS................................................. 34 
Figure 2.6 Schematic XPS measurement. ................................................................... 42 
Figure 2.7 Main components of VG ESCA LAB-220i XL XPS system. ................... 43 
Figure 2.8 X-ray diffraction (XRD) θ-2θ scan. ........................................................... 44 
 
Chapter 3 
Figure 3.1 Si 2p spectra for a clean SiC surface and for SiC surfaces after nitridation 
at RT............................................................................................................................. 55 
Figure 3.2 N 1s spectra for 4H-SiC samples after nitridation at room temperatures 
and N 1s spectra obtained from SiC surfaces annealed at different temperatures after 
nitridation at RT ........................................................................................................... 57 
Figure 3.3 C 1s spectra for clean SiC surface, C-rich SiC surface, and C-rich surface 
after nitridation at RT................................................................................................... 58 




Figure 3.4 (a) Core level Si 2p and valence-band spectra of clean 4H-SiC and pure 
HfO2 grown on 4H-SiC (b) the energy-band alignments for pure HfO2 grown on 4H-
SiC  .............................................................................................................................. 59 
Figure 3.5 Valence-band spectra of pure HfO2 grown on 4H-SiC and HfO2:N grown 
on 4H-SiC at RT .......................................................................................................... 61 
Figure 3.6 Core level XPS spectra (a) Hf 4f, (b) O 1s, (c) N 1s of as-grown, nitrided 
HfO2 grown on 4H-SiC at RT and nitrided HfO2 grown on 4H-SiC after annealing at 
300oC, 400oC and 500oC .............................................................................................. 62 
Figure 3.7 Valence-band spectra of nitrided HfO2 film grown on 4H-SiC after 
annealing at 300oC, 400oC and 500oC ......................................................................... 64 
Figure 3.8 The valence band and Si 2p photoelectron spectra of (a) clean 6H-SiC 
substrate, (b) pure HfO2 grown on 6H-SiC, (c) nitrided HfO2/6H-SiC at RT, and 
nitrided HfO2/6H-SiC after annealing at 300
oC (d), 400oC (e) and 500oC (f). ............ 65 
Figure 3.9 Density of states of (a) pure HfO2, (b) HfOx with O vacancy, (c) HfO2 
with nitridation, (d) HfO2 with nitridation and O interstitial, and (f) HfO2 with N 
interstitial.  ................................................................................................................... 68 
Figure 3.10 (a) Capacitance-voltage (C-V) curves of Ni/HfO2/SiC MOS capacitors (b) 
hysteresis characteristics of Ni/HfO2/SiC gate stacks at 100 kHz ............................... 71 
Figure 3.11 C-V characteristics of Ni/HfO2/SiC MOS capacitor with simulated C-V 
curve ............................................................................................................................. 72 
Figure 3.12 C-V characteristics of Ni/HfO2/SiC MOS capacitor after (a) N2 RTP and 
(b) O2 RTP with simulated C-V curves ........................................................................ 73 
Figure 3.13 Leakage current characteristics of as-deposited, N2 and O2 RTP HfO2 
gate stacks. ................................................................................................................... 74 
Figure 3.14 Leakage current density of HfO2 gate dielectrics with EOT 2.4 nm. ...... 76 
Figure 3.15 The conduction mechanism in HfO2 gate dielectrics with EOT 2.4 nm 
The straight line is a linear scale. (a) Schottky emission; (b) Poole-Frenkel emission; 
(c) Fowler-Nordheim tunneling ................................................................................... 78 
Figure 3.16 High resolution 100×100 nm2 and 10×10 nm2 STM image of epitaxial 
graphene grown on 4H-SiC(0001) substrate................................................................ 80 




Figure 3.17 C 1s core-level spectra for the epitaxial graphene on 4H-SiC(0001) 
measured at photoelectron take-off angles of 30o and 90o, respectively, with respect to 
the sample surface. ....................................................................................................... 81 
Figure 3.18 XPS spectra of C 1s and Hf 4f for the (a) as-deposited, (b) oxidized Hf 
on graphene/4H-SiC(0001), and (c) thin HfO2 film on graphene/4H-SiC(0001) after 
annealing at 650oC. ...................................................................................................... 82 
Figure 3.19 Schematic energy diagram for interfacial charge transfer process .......... 84 
Figure 3.20 The valence-band and Si 2p photoelectron spectra of (a) pretreatment 
annealed graphene/4H-SiC(0001) at 500oC, (b) as-deposited, (c) oxidized Hf on 
graphene/4H-SiC(0001), and (d) thin HfO2 film on graphene/4H-SiC(0001) after 
annealing at 650oC. ...................................................................................................... 85 
 
Chapter 4 
Figure 4.1 The valence band and core level Ga 3d photoelectron spectra of (a) as-
grown and surface cleaned n-type GaN (b) as-grown and surface cleaned p-type GaN . 
   .............................................................................................................................. 91 
Figure 4.2 Schematics of the band diagram of the as-grown GaN surface and surface 
bombarded with nitrogen plasma. ................................................................................ 92 
Figure 4.3 The Ga 3d and Hf 4f core level and valence band spectra of bare n-type 
GaN, a thin HfO2 film grown on n-type GaN substrate and a thick HfO2 film on n-
type GaN substrate. ...................................................................................................... 94 
Figure 4.4 The core level Ga 3d and Hf 4f and valence band spectra of bare p-type 
GaN, a thin HfO2 film grown on p-type GaN substrate and a thick HfO2 film on p-
type GaN substrate. ...................................................................................................... 97 
Figure 4.5 Energy-band alignment for HfO2 grown on n-type and p-type GaN......... 99 
Figure 4.6 The Ga 3d and Hf 4f core level and valence band spectra of (a) HfO2/n-
GaN and (b) HfO2/p-GaN after annealing at 700
oC. ................................................. 100 
Figure 4.7 Capacitance-voltage (C-V) curves of Ni/HfO2/n-GaN MOS capacitors.. 102 
Figure 4.8 (a) Hysteresis characteristics of Ni/HfO2/n-GaN gate stacks at 100 kHz (b) 
C-V characteristics of Ni/HfO2/n-GaN MOS capacitor with simulated  C-V curve .. 104 




Figure 4.9 (a) Capacitance-voltage(C-V) curves of Ni/HfO2/p-GaN MOS capacitors 
with simulated C-V curve (b) hysteresis characteristics of Ni/HfO2/p-GaN gate stacks 
at 100 kHz. ................................................................................................................. 105 
Figure 4.10 C-V characteristics of Ni/HfO2/n-GaN MOS capacitor after (a) N2 RTP 
and (b) O2 RTP........................................................................................................... 106 
Figure 4.11 C-V characteristics of Ni/HfO2/p-GaN MOS capacitor after (a) N2 RTP 
and (b) O2 RTP........................................................................................................... 107 
Figure 4.12 Leakage current characteristics of as-deposited, N2 and O2 RTP HfO2 
gate stacks on (a) n-type GaN and (b) p-type GaN .................................................... 108 
 
Chapter 5 
Figure 5.1 The valence band and Zn 3d photoelectron spectra of (a) bare ZnO (0001) 
substrate (b) 40 Å HfO2 film grown on ZnO (0001) substrate, and (c) thick HfO2 film 
on ZnO (0001) substrate. ........................................................................................... 114 
Figure 5.2 Energy-band alignment for HfO2 grown ZnO ......................................... 115 
Figure 5.3 Interface model for HfO2/ZnO(0001). Blue atoms are Hf, red atoms are O 
and gray atoms are Zn ................................................................................................ 117 
Figure 5.4 Density of states of bulk ZnO (0001) and HfO2/ZnO (0001).. ................ 118 
Figure 5.5 Six interface model for HfO2/ZnO(0001). Blue atoms are Hf, red atoms 
are O and gray atoms are Zn ...................................................................................... 119 
Figure 5.6 (a) Out-of-plane XRD pattern of epitaxial ZnO on YSZ (111), (b) in-plan 
XRD pattern of  epitaxial ZnO on YSZ (111), and (c) schematic orientation 
relationship of ZnO (0001) on YSZ (111). ................................................................ 121 
Figure 5.7 Core-level and valence band photoelectron spectra for (a) single crystal 
ZnO (0001) surface, (b) 50 Å epitaxial YSZ on ZnO (0001), and (c) thick 200 Å 
epitaxial YSZ film on ZnO (0001) surface ................................................................ 123 
Figure 5.8  (a) Schematic atom configuration at ZnO (0001)//ZrO2 (111) interface; (b) 
PDOS of the oxygen atoms from the bulk-like ZnO and ZrO2 regions in the model. ..... 
   ............................................................................................................................ 125 
Figure 5.9 (a) The valence band and Zn 3d photoelectron spectra of as-received ZnO 
film, ZnO:N at RT, and nitrided ZnO after annealing at 300oC，400oC and 500oC  




(b)The zoom in valence band photoelectron spectra of as-received ZnO film, ZnO:N 
at RT, and nitrided ZnO after annealing at 300oC, 400oC and 500oC........................ 128 
Figure 5.10 N 1s of nitrided ZnO at RT and nitrided ZnO after annealing at 300oC, 
400oC and 500oC ........................................................................................................ 130 
Figure 5.11 Density of states of (a) pure ZnO, (b) ZnO with O vacancy, (c) ZnO with 
nitridation, (d) ZnO with nitridation and O interstitial, and (e) ZnO with N interstitial. 
Black lines indicate the total density of states for the models: red, green and cyan lines 
indicate the atomic site-projected density of states for oxygen atoms in bulk-like 







ALD Atomic layer deposition  
BE Binding energy  
CBO Conduction band offset  
Cox Oxide capacitance  
CNL Charge neutrality level  
CVD Chemical vapor deposition  
CASTEP Cambridge serial total energy package 
Dit  Interface density of traps      
DFT Density functional theory  
DOS Density of states 
EOT Equivalent oxide thickness 
EA Electron affinity  
FWHM  Full width at half maximum  
GGA Generalized-gradient approximation  
High-k High dielectric constant  
HEMTs High electron mobility transistors  
IC   Integrated circuits  
ITRS International technology roadmap for semiconductors  
LDA Local density approximation  
LED Light emitting diode  
MOSFETs Metal-oxide-semiconductor-field effect transistors  
MBE Molecular beam epitaxy  
MIGS Metal induced gap states  
PDOS Atomprojected density of states  
PVD Physical vapor deposition  
PLD Pulsed laser deposition  
RTP Rapid thermal process  
RTA Rapid thermal anneal  
RT   Room temperature  





STM Scanning tunneling microscope  
SCCM Standard cubic centimeters per minute 
TFT Transparent thin film transistor  
UHV Ultra-high vacuum 
VBO Valence band offset  
VBM Valence-band maximum  
VASP Vienna ab-initio simulation package 
WBGs Wide band-gap semiconductors  
WF Work function  
XPS X-ray photoelectron spectroscopy  
XRD X-ray diffraction  


































1. Q. Chen, Y. P. Feng, J. W. Chai, Z. Zhang, J. S. Pan and S. J. Wang “Band 
alignment and thermal stability of HfO2 gate dielectric on SiC” Applied Physics 
Letters, Vol. 93, 052104 (2008) 
2. Q. Chen, M. Yang, Y. P. Feng, J. W. Chai, Z. Zhang, J. S. Pan and S. J. Wang 
“Band offsets of HfO2/ZnO interface: In situ X-ray photoelectron spectroscopy 
measurement and ab initio calculation” Applied Physics Letters, Vol. 95, 
162104(2009) 
3. Q. Chen, H. Huang, W. Chen , A. T. S. Wee , Y. P. Feng , J. W. Chai , Z. Zhang , J. 
S. Pan and S. J. Wang “In situ photoemission spectroscopy study on formation of 
HfO2 dielectrics on epitaxial graphene on SiC substrate” Applied Physics Letters, 
Vol. 96, 072111(2010) 
4. Q. Chen, Y. P. Feng, J. W. Chai, Z. Zhang, J. S. Pan and S. J. Wang “In situ X-ray 
photoelectron spectroscopy studies of HfO2 gate dielectric on SiC” Thin Solid 
Films, 518 e31(2010) 
5. M. Yang, R. Q. Wu, Q. Chen, W. S. Deng, Y. P. Feng, J. W. Chai, J. S. Pan, S. J. 
Wang “Impact of oxide defects on band offset at GeO2/Ge interface” Applied 
Physics Letters, Vol. 94, 142903(2009) 
6. J. W. Chai, Z. Zhang, J. S. Pan, S. J. Wang, Q. Chen and C. H. A. Huan “X-ray 
photoelectron spectroscop studies of nitridation on 4H-SiC(0001) surface by direct 
nitrogen atomic source” Applied Physics Letters, Vol. 92, 092119(2008) 
7. M. Yang, G. W. Peng, R. Q. Wu, W. S. Deng, L. Shen, Q. Chen, Y. P. Feng, J. W. 
Chai, J. S. Pan, S. J. Wang, “Interface properties of Ge3N4/Ge(111): Ab initio and 
x-ray photoemission spectroscopy study” Applied Physics Letters, Vol. 93, 
222907(2008) 
8. S. J. Wang, T. I. Wong, Q. Chen, M. Yang, L. M. Wong, J.W. Chai, Z. Zhang, J. S. 
Pan and Y. P. Feng “Atomic and electronic structures at ZnO and ZrO2 interface for 
transparent thin-film transistors” Phys. Status Solidi A, 207, 1731(2010) 
9. M. Yang, W. S. Deng, Q. Chen, Y. P. Feng, S. J. Wang et al “Band alignments at 
SrZrO3/Ge(001) interface: Thermal annealing effects” Applied Surface Science, 256, 
4850(2010) 
10. Q. Chen, Y. P. Feng, J. W. Chai, Z. Zhang, J. S. Pan and S. J. Wang 
“Photoemission spectroscopy study on the energy-band alignment of n- and p-type 
GaN/HfO2 interfaces”, to be submitted. 
11. Q. Chen, Y. P. Feng, J. W. Chai, Z. Zhang, J. S. Pan and S. J. Wang “Electrical 
characteristics of n- and p- type GaN-based metal-oxide-semiconductor capacitors 
with sputtered HfO2 gate dielectrics”, to be submitted. 
12. Q. Chen, Y. P. Feng, J. W. Chai, Z. Zhang, J. S. Pan and S. J. Wang “Thermal 
stability and band alignment of N-doped ZnO: x-ray Photoemission spectroscopy 
and first-principles studies”, to be submitted. 




1. Chapter One 
Introduction 
1.1 Wide band-gap semiconductors 
During the past 50 years, the development of microelectronic technology, 
especially the invention of transistors and their integration into silicon integration 
circuits, has been a driving force in many aspects of human advancement. Evolution 
from the simple transistor to complex semiconductor devices created today has 
allowed the realization of semiconductor industry to be the high-technology resource. 
The semiconductor industry has developed so fast that various electronic equipments 
based on semiconductor devices with high performance and low cost have become an 
important part of our lives. Silicon-based devices have been a thrust of research over 
the years and become the most developed, but conventional semiconductor material 
(silicon) is no longer satisfying people’s high demand for the recent development of 
advances. Because silicon semiconductor technology has approached the theoretical 
limits, such as switching frequency, operating temperature, breakdown voltage, 
efficiency and reliability, it is very important to explore and study new semiconductor 
materials with superior properties.  
Need wide band-gap semiconductors 
To overcome the limitations due to the intrinsic properties of silicon, during the 
past several years, a new group of materials has emerged as candidates to replace Si in 
the near future, which has enabled applications from optoelectronics devices to high-
power, high-temperature, and high-frequency microelectronic devices. This group is 




known as the wide band-gap semiconductors (WBGs), and is lead by silicon carbide 
(SiC), zinc oxide (ZnO) and gallium nitride (GaN) with electronic band gaps larger 
than two electronvolts (eV). Compared with Si, WBGs (SiC, GaN and ZnO) exhibit 
inherent excellent properties such as larger band-gap, higher electron mobility and 
higher breakdown field strength as shown in Table 1.1. For example, the breakdown 
electric field strengths of SiC, GaN and ZnO (3.2, 3, 2 MV/cm) are much higher than 
that of Si (0.3 MV/cm). This type of breakdown is obviously referred to catastrophic 
breakdown. This property determines how high the electrical field in the material can 
be before material breakdown occurs and makes wide band-gap semiconductors 
attractive for high-power applications that require large electric fields. The saturated 
drift velocities of SiC, GaN and ZnO are double that of Si (1 vs 2×10-7 cm/sec), and 
this means that the channel current can be obtained as high as possible for 
microelectronic devices. Furthermore, the much wider band-gap of WBGs compared 
with that of Si indicates that the probability of thermal excitation of carriers from the 
valence band to conduction is reduced significantly by the large band-gap, and it is 
beneficial for high temperature application. Besides, high-purity SiC material has the 
highest reported thermal conductivity which is more than three times higher than that 
of Si (1.5 vs 4.9 W/cm-K). It is often quoted that the thermal conductivity of SiC is 
higher than that of copper at room temperature. An increase in temperature generally 
leads to a change in the physical properties of the device, which normally affects the 
device in a negative way. An example is the carrier mobility, which decreases with 
the increasing temperature. Heat generated through various resistive losses during 
operation, therefore must be removed from the device and into the package.  
 




Table 1.1 Physical and electronic properties of WBGs compared with Si1-7 
Property Si 4H-SiC 6H-
SiC 
GaN ZnO 
Lattice constants a&c (Å ) -- 3.08&1.89 --  3.12&5.18 3.25&5.2 
Band-gap, Eg (eV) 1.12 3.25 3.03 3.4 3.37 
Electric breakdown field, 
Ec (MV/cm) 
0.3 3.2 2.5 >3 ~2 
Thermal conductivity, λ 
(W/cm·K) 
1.5 4.9 4.9 1.3-1.7 1.35-1.47 
Saturated electron drift 
velocity, Vsat (×10
7 cm/s) 
1 2 2 2.2 2  
 
Thus, these large band-gap materials with their superior characteristics allow for 
applications in environments such as pressure vessels, combustion engines and near 
nuclear reactors, where Si and GaAs cannot be used.  
SiC: The industry application of SiC began with the blue light emitting diode (LED), 
which was very weak due to the indirect bandgap of SiC but was the only commercial 
blue electroluminescent light source in the late 1980s. Today high-frequency metal-
oxide-semiconductor-field effect transistors (MOSFET) are commercially available 
and a market for Schottky diodes made from SiC is emerging. We are still at the 
beginning of the SiC revolution, however, and the material’s full potential is not yet to 
be realized.  
The basic building block of a silicon carbide crystal is a pair of Si and C atoms, 
and each Si atom is located at the center of tetrahedron with four carbon atoms at the 
corners. Four carbon atoms are covalently bonded with a silicon atom in the center. 
The polymorphism of SiC is characterized by a large family of similar crystalline 
structures called polytypes. All polytypes have a hexagonal frame of SiC bilayers. 
They are variations of the same chemical compound that are identical in two 




dimensions and differ from the third one. Thus, they can be viewed as layers stacked 
in a certain sequence. More than 200 different polytypes of SiC exist depending on 
the repetition period of SiC bilayers. The two important polytypes, 6H-SiC and 4H-
SiC (H for hexagonal, the number in the notation determines the number of layers 
before the sequence repeats itself) are most intensively studied in the past.  
GaN: The growth of GaN dates back to the early 1940’s, when ammonia was passed 
over hot gallium, resulting in GaN needles.8 In the 1960’s small poly-crystals of GaN 
were produced that were useful for basic studies of the physical and electronic 
properties. In 1969 single crystal GaN thin films were obtained by vapor phase 
growth as reported by Maruska and Tietjen.9 The availability of thin films led to an 
increase in GaN-related research in film growth and device development. In 1988, 
Amano and Akasaki10 established a technique for growing p-type GaN, using Mg as 
the acceptor impurity. 
The earliest gallium nitride-based metal-oxide-semiconductor field effect 
transistors were experimentally demonstrated in 1993 and they are being actively 
developed. 
 ZnO: Zinc oxide has already been investigated in 1912. With the beginning of the 
semiconductor age after the invention of the transistor,11 systematic investigations of 
ZnO as a compound semiconductor were performed. Currently, research on zinc 
oxide as a semiconducting material is starting a renaissance after intensive research 
periods in the 1950s and 1970s.12-13 The results of these earlier activities were 
summarized in reviews by Heiland, Mollwo and Stockmann,14 Hirschwald,15 and 
Klingshirn and Haug16. Since about 1990 an enormous increase of the number of 




publications on ZnO occurred and more recent reviews on ZnO have been 
published.17 
Zinc oxide crystallizes in three forms: hexagonal wurtzite, cubic zincblende, and 
the rarely observed cubic rocksalt. The wurtzite structure is most stable at ambient 
conditions and thus most common. The zincblende form can be stabilized by growing 
ZnO on substrates with cubic lattice structure. In both cases, the zinc and oxide 
centers are tetrahedral. The rocksalt (NaCl-type) structure is only observed at 
relatively high pressures about 10 Gpa.  
ZnO has numerous attractive characteristics for electronic and optoelectronic 
devices. It has direct band-gap energy of 3.37 eV, which makes it transparent in 
visible light and operates in the UV to blue wavelengths. The exciton binding energy 
is about 60meV for ZnO. The higher exciton binding energy enhances the 
luminescence efficiency of light emission. ZnO can be grown on inexpensive 
substrate, such as glass, at relatively low temperatures.  
Besides the recent progress of wide band-gap semiconductor to replace silicon in 
MOSFET devices, it is necessary to consider whether the traditional gate oxide 
(silicon dioxide) is suitable for the integration with the wide band-gap semiconductors 
any more. In the next section, the advantages of using high dielectric constant (high-k) 
materials rather than silicon dioxide as the gate oxide in WBGs-based MOS devices 
and the relevant issues will be introduced. 
1.2 High-k dielectrics 
The limitations imposed by SiO2 prompt search for high-k oxides as alternatives to 
replace conventional silicon dioxide in the MOS devices. The two reasons for the 




high-k gate dielectrics to replace silicon dioxide in MOS devices will be discussed in 
the following: 
(1) Electric field: The electric field across an interface of gate oxide and wide band-
gap semiconductor (WBG) scales inversely with the dielectric constant of the material. 
According to the Gauss’s law at the interface: 
                            (1.1) 
the electric field in wide band-gap semiconductor is restricted due to the low 
dielectric constant of SiO2 (k=3.9). If we take one of the wide band-gap 
semiconductors SiC as an example, the low dielectric constant of SiO2 (k=3.9) relative 
to that of SiC (k=10) results in an electric field in SiO2 is 2.5 times higher than that in 
SiC. This inequity requires device operation at a substrate electric field far below the 
wide band-gap semiconductor breakdown field to avoid premature SiO2 breakdown. 
Thus the high breakdown field of wide band-gap semiconductor is severely 
underutilized, minimizing one of the material’s major advantages for high-power 
applications. Since the blocking voltage of the power MOS devices scales with the 
square of the electric field, the device’s blocking voltage capability is dramatically 
reduced for a given on-resistance. Therefore, the relatively thick high-k gate 
dielectrics have been expected to replace SiO2 to enable MOS devices operation near 
WBGs breakdown field while maintaining a significantly lower field in the oxide. 
(2) MOSFET scaling: In the past forty years, the rapid progress of semiconductor 
industry has been witnessed in productivity and performance. This improvement is 
primarily achieved by means of the MOSFET continually down scaling in size to ever 
smaller dimensions. Smaller MOSFETs are desirable for several reasons. One reason 
is to pack more devices in a given chip area. This results in a chip with the same 




functionality in a smaller area, or chips with more functionality in the same area. The 
cost per integrated circuits (IC) is mainly related to the number of chips that can be 
produced per wafer. Hence, smaller IC allow more chips per wafer, reducing the price 
per chip.  
Another reason is that high performance of MOS device is determined by large 
drive current that flows from source to drain, because the drive current is related to 
the switch time of the MOS devices. Since the drive current is controlled by the 
electric field across the channel/insulating gate oxide interfaces produced by applying 
a voltage to the gate electrode. The strength of the electric field (hence the speed of 
transistors) is determined by the applied voltage, the thickness and the dielectric 
constants of gate oxides.18 Higher speed of transistors can be achieved by the 
downscaling of transistors, which have stimulated the semiconductor industry to 
further shrink the transistors sizes.  
The scaling of semiconductor devices follows the famous Moore’s law,19 which 
predicted that the number of transistors in an integrated circuit roughly doubles every 
18 months, resulting in higher performance and lower cost.20 The physical gate length 
and technology node of transistor has been reduced to lower than 30 nm and 65nm 
separately since the 2000, as shown in Figure 1.1. According to the latest International 
Technology Roadmap for semiconductors (ITRS), the next generation of Si-based 
MOSFETs will require gate dielectrics layer with the thicknesses around 1 nm, both 
for the high performance logic application and low operation power logic applications.  





Figure 1.1 Historical trend of transistor scaling agrees with the Moore’s Law. 
 
However, the problem arising from the scaling of the silicon dioxide layer 
thickness mainly concerns the leakage current flowing through the MOS struc tures. 
When the thickness of SiO2 gate layers is becoming so thin (under 2 nm), charge 
carriers can flow through the gate dielectrics by a quantum tunneling.21 The tunneling 
probability increases exponentially as the thickness of the SiO2 layer decreases. As 
the thickness is reduced to below 2 nm, the leakage current rises to 1-10 A/cm2 at 1 
V,22 which requires significant power dissipation and will alter device performance. 
Low standby power CMOS requires a leakage current of below 10-2 A/cm2 rather than 
just 1A/cm2.  
It is not practical to continue using SiO2 because the gate leakage density will 
become intolerable for thin oxides, leading to unwieldy power consumption and 




reduced device reliability. Therefore, it is an important issue to seek new dielectric 
material to replace SiO2.
23-24  
Need high-k dielectrics 
In order to solve the problem of high electric field in the gate oxide and MOSFET 
scaling induced gate leakage current, high dielectric constant oxides are needed to 
replace the SiO2 gate oxide as shown in Figure 1.2, in which the thicker gate oxide 
minimize the concomitant leakage effects while keeping the same capacitance and 
reducing the field strength within the dielectric itself. 
 
Figure 1.2 Schematic of high-k gate oxide replace the SiO2 in MOS device. 
 
From the electrical point of view, the gate oxide in a MOSFET can be modeled as 
a parallel plate capacitor where the source-drain current depends on the gate 
capacitance. Ignoring quantum and depletion effects from the Si substrate and gate, 
the capacitance of C of this parallel plate capacitor is given as 
  
    
 
            (1.2) 
where k is the relative dielectric constant of the gate dielectric material (3.9 for SiO2), 
A is the area of the capacitor, and t is the thickness of the dielectric. An increase in the 
gate dielectric capacitance will result in an increase of the drive current and thus 
improve the performance of MOSFET devices.25 This expression for C can be 




rewritten in terms of teq (equivalent oxide thickness, EOT) and kox (3.9, dielectric 
constant of SiO2) of the capacitor.  
          
   
 
                  (1.3) 
The term teq represents the theoretical thickness of SiO2 that would be required to 
achieve the same capacitance density as the dielectric. The objective is to develop 
high-k oxides which allow scaling to lower values of EOT.  
 Although the choice of high-k dielectrics gate oxide needs to meet several criteria, 
which is similar to the requirements of its integration on Si-based MOS devices, there 
still are some differences:26-27 including (1) a high enough dielectric constant (k value) 
which could be used for scaling in a reasonable number of years; (2) good quality of 
interfacial structures with WBGs to have low interfacial defects; (3) a large band-gap 
and enough tunneling barriers for both valence and conduction bands with WBGs to 
minimize carrier tunneling at the interfaces; (4) good thermal stability in contact with 
WBGs to prevent formation of unfavorable low k oxide interfacial layer.  
According to these criteria, intensive studies have been carried out to identify 
suitable high-k gate oxides, either in amorphous phase or in epitaxial structures. 
However, these studies showed that most gate oxides can only meet part of the 
requirements and there is still a long way to go for identifying the appropriate gate 
oxides that can be adopted by the industry.28 For example, Narayanan et al.29 found 
that Y2O3 gate oxide tends to form a SiO2 interfacial layer during post-thermal 
annealing, and its relatively low k value (~15) limits the development of Y2O3 as a 
high-k oxide in the long run. Similarly, Al2O3 has the same problem of lower k values 
(~9) which directly limits its application.30 Some gate oxides such as SrO are not 
favored as they react with water.31 Currently, ZrO2 and HfO2 based high-k dielectrics 




are two most intensively studied materials as possible gate oxides, which are 
predicted to be the first-generation of high-k dielectrics for Si devices.32-33 Therefore, 
both HfO2 and ZrO2 are good choices for the new generation of high-k oxide on wide 
band-gap semiconductor microelectronic devices. Although the HfO2 and ZrO2 have 
been extensively studied, there are still some issues that to be addressed and resolved 
remain. For example, the growth of good quality of HfO2 is still challenging, which is 
of importance for application since the electronic properties of HfO x is dependent on 
its oxidation states. 
1.3 The integration of high-k dielectric with wide band-gap 
semiconductors  
Scaling technology plays important roles for further improving the performance 
and reducing costs of MOS devices, together with the replacement of Si with wide 
band-gap semiconductors such as SiC, ZnO, GaN. Therefore, the new generation 
high-k oxides on wide band-gap semiconductor microelectronic device have attracted 
much attention recently. Although there are many studies of integrating high-k 
dielectrics with Si substrate, e.g. reports by Wang et. al,34-35 the dielectric that is 
suitable for Si substrate might not work for WBGs-based MOS devices well. Thus, it 
is critical to find a proper high-k gate dielectric for WBGs-based MOS devices. 
Actually, for growth of high-k dielectrics on WBGs substrates, it is even more 
difficult than that on Si surface in term of achieving high quality interface and 
adequate barrier heights. 
Interface quality 
The interfaces with either the gate or the channel region are particularly important 
to the device performance. These regions of about 5 angstroms thick serve as a 




transition between the atoms associated with the materials in the gate electrode, gate 
dielectric and channel. These interface regions can alter the overall capacitance of the 
gate stack, particularly if they have a thickness which is substantial relative to that of 
the gate dielectric. 
The interface at high-k/WBGs, which is in direct contact with the MOS channel 
region, must be engineered to permit low interface traps densities and minimize 
carrier scattering in order to obtain reliable, high performance. However, there are a 
density of surface states (e.g. dangling bonds) as well as contaminations at the 
surfaces of wide band-gap semiconductors, which will affect the interface quality 
after the oxide deposited. For example, Saks et al.36 reported that a higher interface 
density of traps Dit at the SiC/SiO2 interface near the conduction band edge of 4H-SiC 
has been the limiting factor for obtaining high inversion-channel mobility in SiC-
based MOS devices. These traps could be the result of excess C and/or 
nonstoichiometric interfacial suboxides. Smith et al.37 and Prabhakaran et al.38 
reported that as-grown GaN films removed from vacuum have a significant 
contamination layer, with oxygen and carbon being the major source. The ex situ (out 
of vacuum) cleaning that shows the most promise is HCl-based, chemical treatment 
producing the lowest carbon and oxygen coverages.39 Berllitto et al.40 found that the 
in situ cleaning of using nitrogen sputter and anneal techniques produced GaN films 
that are free of Carbon and oxygen, while the surface damage was also caused. As 
such, reduction or removal of surface states as contaminates has been and remains a 
subject of considerable research. Furthermore, the high-k oxides have typically a high 
concentration of intrinsic defect because their bonding cannot relax easily and these 
intrinsic defects could scatter carriers in the channel and consequently lower the 




carrier mobility. Therefore, interface quality in terms of controlling interface defects 
is an important issue for the integration of high-k oxides on wide band-gap 
semiconductors. 
 Band alignment  
      Band alignment at oxide-semiconductor interface is one of the most interesting 
and important aspects in the growth and characterization of electronic devices because 
the transport properties at the hetero-junction interface are determined by the 
electronic band profiles at the interface. The difference between the two valence band 
edges of the hetero-interface, valence band offset (VBO), serves as a barrier to 
prevent holes tunneling through the interface, while the difference between the two 
conduction band edges, conduction band offset (CBO) provides a barrier to minimize 
electrons tunneling.41-42 In order to effectively minimize carrier tunneling through the 
gate dielectric due to thermal fluctuation or quantum tunneling effect, the VBO and 
CBO must be larger than 1.0 eV 43-44 as shown schematically in Figure 1.3.  
 
The high-k dielectrics that have VBO or CBO with WBGs smaller than 1 eV will 
not be considered for further applications because of the large tunneling current. 
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Figure 1.3 Schematic of band 
offsets determining carrier 
injection in oxide band states. 
 




semiconductors is still lacking. Thus, to accurately determine the band offsets at the 
interfaces of high-k oxides and wide band-gap semiconductors is another important 
issue which should be addressed. 
1.4 Research approaches  
1.4.1 Nitridation treatment 
As we have mentioned above, the surface states at the surface of semiconductors 
and the intrinsic defects in the high-k oxides will affect the interface quality of high-
k/WBGs. 
Nitridation treatment can not only passivate the surface of wide band-gap 
semiconductors to form a stable nitride layer but also passivate the oxygen defects in 
high-k dielectrics films. Compared with SiO2, most high-k dielectrics suffers from 
intrinsic issue of high oxygen vacancy density, which will greatly degrade the 
performance of high-k materials (such as high leakage current, low carrier mobility, 
threshold voltage shift).45-46 It has been found that atomic nitrogen can effectively 
passivate the oxygen vacancies in the high-k dielectrics. However, it was also reported 
that the introduction of nitrogen may decrease the band gap of high-k dielectrics. To 
understand the underlying mechanisms, we will carry out the nitridation treatment on 
HfO2 films and investigate its effect. A good understanding of the effect of nitrogen 
incorporation on the electronic structure of oxide films will certainly benefit the 
nitrogen process and its application. In this thesis, we will study the surface 
passivation of wide band-gap semiconductors by using nitrogen source and the effect 
of nitrogen-doping on the electronic structures and thermal stability of HfO2 films. 




First-principles calculations will be performed to understand the microscopic 
mechanism.  
1.4.2 Band offsets at high-k/wide band-gap semiconductor interfaces 
The potential barrier for injection of electrons and holes into the oxides is defined 
by the conduction band offset and valence band offset between high-k dielectrics and 
wide band-gap semiconductors, respectively. Band offsets above 1 eV is one of the 
key criteria in the selection of high-k dielectrics, and large enough barrier is crucial 
for achieving low leakage current.28 However, many oxides with large dielectric 
constant have band-gaps which are much smaller than that of silicon dioxide. So it is 
important to accurately determine the band offsets for high-k dielectric materials on 
WBGs substrates. Over the past few decades, numerous experimental methods have 
been used to determine the oxide/semiconductor band alignment. These include 
external photoemission spectroscopy,47-48 internal photoemission spectroscopy,49-50 
and XPS core-level based method.  Thanks to the creative work by Kraut et al.51-52 x-
ray photoemission spectroscopy has been established as a reliable way to determine 
band offsets at the hetero-junction interface and also been successfully used to 
provide insights into interfacial properties between different materials.53-54 This 
method of determining the valence band offset is based on the model proposed by 
Kraut, in which the appropriate shallow core-level position was chosen as reference, 
as shown in Figure 1.4.  





Figure 1.4 Energy band diagram for illustrating the core-level based XPS method to 
investigate the band offsets at high-k dielectrics/WBGs interfaces.  
 
Generally, the method of Kraut is based on the assumption that the energy 
difference between the core-level positions and valence-band maximum (VBM) are 
fixed both in the bulk. If we take the core levels of high-k dielectrics and wide band-
gap semiconductors to be Ed and Es, and VBMs to be Ev, d and Ev, s, respectively, the 
valence band offset vE will be given by:  
WBGssdielectricdssdielectricdvdWBGssvsv EEEEEEE /,, )()()(       (1.4) 
the last term in the equation is the energy difference between the chosen core-levels 
Es and Ed in a high-k dielectrics/semiconductor hetero-junction. This method has been 
widely used to study the band alignment for various hetero-structures by XPS for the 
past few years.55-59 Chambers et al. measured the valence band offsets at the 
SrTiO3/Si interfaces by using XPS based method. They found that the CBO deduced 
from the VBO at the SrTiO3/Si is not sufficient enough, which precludes the 


















interface engineering methods to increase the CBO. In absence of experimental data, 
Afanas'ev et al. predicted the band alignments at the HfO2/SiC interface based on the 
nonexistence of an interface dipole.60 The prediction was facilitated by using Internal 
Photoemission measurement of HfO2/SiC interfaces which indicated no dipole, and 
the corresponding VBO and CBO are 0.7 and 1.6 eV, respectively.61 The value of 
VBO obtained by Afanas'ev et al. is much smaller than that determined by XPS 
directly, and the mechanism has not been well studied yet.  
On the other hand, theoretical methods such as First-principle calculations and 
Charge Neutrality Level (CNL) method have also been used to corroborate 
experimental studies and to explain the influence of the interface coordination on the 
band alignment of the hetero-juncture. Theoretically, the procedure of obtaining band 
offset by using first-principle calculations is actually similar to that of using XPS 
method to determine band offsets mentioned above. This theoretical method of first-
principle calculations will be used in our work and the details will be presented in 
next chapter.  
The CNL model was applied to analyze the band alignment of a range of oxides 
on semiconductors, and the model seems consistent with most experimental results. 
Very briefly, CNL is the neutral level for gap states, the latter resulting from band 
discontinuities. In the CNL model, at a semiconductor interface with a metal, the 
metal wave functions near its Fermi Level decay into the semiconductor’s band-gap. 
These are called metal induced gap states (MIGS). MIGS are the evanescent states of 
metal wave functions tunneling into the forbidden band-gap of semiconductor. The 
charge neutrality level is like the Fermi level of the MIGS; it is the highest occupied 
energy state for the neutral surface. It is also the energy where the character changes 




from valence to conduction band like. The charge neutrality level model has also been 
used to describe the band alignment of a hetero-junction interface of two materials. 
The charge neutrality levels represent the branch point of the surface or interface 
states related to the valence or conduction band. Thus a neutral interface would have a 
Fermi level at the branch point. The presumption is that charges can transfer between 
the interface states of the two materials, which will cause an interface dipole. If the 
density of states are high, then the band offset will be determined by the relative 
position of the CNL of the two materials. 
Recently, Robertson43 adapted the interface defect model presented by Cowly and 
Sze62 to employ the CNL as the pinning levels. In this model, charge transfer across 
the interface creates a dipole, which modifies the band lineup given by the electron 
affinity rule and is described by the relation:  
                                                       
                                                                            (1.5) 
where      is the conduction band offset,   and      are the electron affinities and 
charge neutrality levels for each semiconductor (a and b), and S is the pinning factor 
based on the dielectric properties of the materials. Here the      is defined relative to 
the VBM of each semiconductors. A value of S=1 represents the EAM while a value 
of 0 represents pinning at the CNL levels. Robertson et al.63 reported the band offsets 
of various gate dielectrics on various III-V semiconductors by using CNL method. 
The VBO and CBO obtained by Roberson et al. have been found to be different from 
the experimental results. The reasons maybe that the CNL model only considerate the 
bulk information in the calculation of valence band offset, it does not include the 




interface properties (i.e. interface dipole and interface strain) at the high-k oxides and 
wide band-gap semiconductors interfaces. 
However, the band line up at the high-k dielectrics/semiconductor interfaces is 
actually controlled mainly by two components:  
Valence Band Offset = ∆Ebulk+ ∆Vinterface          (1.6) 
The first term of the right hand side is the intrinsic properties of bulk 
semiconductor and the second term is all of the interface effects generated by the 
electronic pseudocharge distribution and by the charge of the bare ion cores.41,64  
In the Eq. 1.6, the ∆Ebulk 
can be readily determined, being independent of any 
potential variations across the hetero-interface in the form of band bending or electric 
field. Except the independent bulk effects, the VBO at interface is also affected by 
interfaces properties, which means that we may engineer the band offset for some 
specific materials by using interface chemical effects (i.e. different interface chemical 
compositions) to obtain positive, symmetric, and large enough band offsets. These 
have been partially studied for hetero-valent lattice matched or mismatched 
interfaces.65-67 As for high-k dielectrics/Si interface, theoretically, Fost et al. have 
shown that by atomically controlling the interfacial chemical structures one can 
engineer the electronic properties of the interface to  meet the technological 
requirements.68 Due to the formation of different interface net dipoles, they obtained 
sizable changes of VBO at SrTiO3/Si interfaces. This implies that the change of 
interfacial structure may have a strong effect on the band alignment (band offsets) 
between oxides/semiconductors. This is very encouraging and may have wide 
applications in engineering high-k/Si interfaces, as well as high-k/WBGs interfaces. 
However, few studies have been carried out on interface engineering at high-k 




dielectrics/WBGs interfaces. In this thesis, the band offsets between high-k (HfO2 and 
ZrO2) and WBGs (SiC, GaN, ZnO) will be investigated by using XPS methods. 
Meanwhile, the effect of interfacial structures on the band alignment of this system is 
also studied. It is expected to provide a further understanding of formation mechanism 
of band offsets at high-k dielectrics/WBGs interfaces.  
1.4.3 Electrical properties of HfO2 gate dielectrics 
 Characterization of oxide layers that are grown or deposited on semiconductors 
can be done by studying the electrical characteristics of a MOS capacitor in the form 
of the Conductor (metal) Insulator-Semiconductor layer. The electrical performance is 
the final criterion to judge oxide layers reliability for replacing conventional gate 
oxide in semiconductor devices. Capacitance-voltage (C-V) and current-voltage (I-V) 
responding properties to the variation of bias voltage are widely used to reveal many 
important parameters related to the quality of the dielectric layer and the quality of the 
dielectric-semiconductor interface, including interface density state, fixed charge, 
mobile ions (contamination), leakage current, etc.  
Basic theory of MOS systems 
The MOS capacitor is the simplest and most useful device in the study of 
semiconductor surface and gate dielectric. The physics of the MOS structure can be 
more easily explained with the aid of the simple parallel-plate capacitor. Figure 1.5 
shows a parallel-plate capacitor, consisting of the top electrode generally called gate 
made by the deposition of a layer of metal and a substrate as the other electrode. An 
insulator material separates the two plates.  





Figure 1.5 C-V measurement circuit for MOS capacitor structure. 
 
The procedure for taking C-V measurements involves the application of bias 
voltages across the capacitor while making the measurements with an AC signal. 
The bias is applied as a voltage sweep that drives the MOS structure from its 
accumulation region into the depletion region, and then into inversion. When an ideal 
MOS capacitor is biased with positive or negative gate voltage, basically three cases 
may exist at the semiconductor surface. These three states are illustrated for p-type 
semiconductor MOS capacitor in Figure 1.6. Regardless of the gate potential VG, the 
Fermi level EF remains constant throughout the semiconductor since no current flows 
in the semiconductor. When a negative voltage is applied to the gate plate, the top of 
the valence band bends upward and is closer to the Fermi level. Since the carrier 
density depends exponentially on the energy difference (EF-Ev), this band bending 
causes an accumulation of majority carriers (holes) near the semiconductor surface.  
Since the holes can’t get through the insulating layer, capacitance is at a maximum in 
the accumulation region as the charges stack up near that interface. This is the 










Figure 1.6 Energy-band diagrams of an ideal MOS capacitor with a p-type 
semiconductor at V
G
≠0 for (a) accumulation, (b) depletion, and (c) inversion 
conditions. 
 
As bias voltage is decreased, majority carriers get pushed away from the oxide 
interface and the depletion region forms as illustrated in Figure 1.6 (b). When the bias 
voltage is reversed, negative charges are introduced near the semiconductor and 
oxide-interface. As the positive gate potential increases, the surface depletion region 
is widened. Accordingly, the total electrostatic potential variation which is 




represented by the energy band bending, increases so that the mid-gap energy Ei 
crosses over the quasi-Fermi level EF of the semiconductor. Beyond this point, the 
concentration of minority carriers (electrons in this case) is larger than that of the 
majority carriers (holes) near the semiconductor and oxide interface. Therefore, the 
surface is rich in minority carriers, so called under inversion condition, as shown in 
Figure 1.6 (c). Similar results can be obtained for n-type semiconductors when the 
gate bias is reversed.  
Conduction mechanism 
The need for a more thorough understanding of conduction mechanism through 
the high-k gate stacks is due to two reasons: (1) the investigation of leakage 
mechanism could give valuable information on the defects; (2) there is a correlation 
between leakage mechanism and reliability of dielectric as the degradation is a direct 
consequence of the leakage current through the film and the breakdown occurs after 
some critical level of generated defects in the film is reached. Therefore, it is very 
important to develop a fundamental understanding of the physical leakage 
mechanisms. This will allow for making the conduction properties of high-k 
dielectrics more predictable, hence more controllable. However, even till now, 
conduction processes in high-k dielectric films are not completely understood and 
great deals of works still need to be done.69  
There are several main conduction mechanisms to explain the current transport in 
high-k thin films, i.e. Schottky emission, Poole-Frenkel effect, and Fowler-Nordheim 
tunneling.70-71 Schottky emission is similar to the current transport in the metal-
semiconductor contact, where the thermionic emission across the metal-insulator 
interface or the insulator-semiconductor interface is responsible for carrier transport. 




The Poole-Frenkel emission is due to the field-enhanced thermal excitation of the 
trapped electron into the conduction band. The Fowler-Nordheim tunneling emission 
is caused by the field ionization of the trapped electrons into the conduction band or 
by electrons tunneling from the metal Fermi energy into the insulator conduction band. 
The tunneling emission has the strongest dependence on the applied voltage but is 
essentially independent of the temperature.  
In this thesis, we systemically investigated the electrical properties of HfO2 gate 
dielectrics on WBGs (SiC and GaN) under different conditions, i.e. rapid thermal 
annealing, different frequency to demonstrate that HfO2 can be used as alternative 
gate dielectrics replacing convention SiO2 gate insulators. 
1.5 Objective and significance of the study 
The main purpose of this thesis is to systematically investigate the relationship 
between synthetic procedures, microstructure and physical properties of high-k 
dielectrics/WBGs system for the application in the new generation of MOSFET 
devices. Meanwhile, the effect of atomic-level interfacial structures (e.g. interface 
bonding) on the electronic properties of this system will be investigated as well. It is 
recognized that it is essential to understand and control the interface microstructure to 
improve the whole device performance. However, few studies have been carried out 
on interface engineering at high-k dielectrics/WBGs interfaces. In addition, since the 
electrical performance is the ultimate criterion to judge its reliability for replacing 
conventional gate oxide in semiconductor device, capacitance or current properties 
responding to the variation of bias voltage will be studied. The specific aims of this 
thesis were to: 
 To study the growth and characteristic of HfO2 on SiC, GaN, and ZnO 




substrates. The aim of this work is to investigate whether HfO2 dielectrics could be 
used as high-k dielectrics integrated with various semiconductor substrates. This work 
is important for choosing proper high-k dielectrics in the new generation of MOS 
devices.  
 To study the band alignment of high-k dielectrics with wide band-gap 
semiconductors (SiC, GaN, ZnO). The aim of this work is to investigate whether there 
is enough barrier height at the interface of high-k and wide band-gap semiconductor 
to minimize the leakage current. 
 To study the effect of nitridation on the electronic structure and thermal 
stability of high-k dielectrics films. The aim of this work is to evaluate whether 
nitrogen doping will influence the electronic structure and thermal stability of high-k 
dielectrics and to further understand its underlying mechanisms. This work is 
expected to benefit the nitrogen process and its application. 
 To study the capacitance and current properties responding to the variation of 
bias voltage of Ni/HfO2/WBGs MOS gate stacks in comparison with these of gate 
stacks after rapid thermal process (RTP) in nitrogen and oxygen ambient. The aim of 
this work is to investigate the effect of RTP on the fix oxide charges in the high-k 
dielectrics and interface defects of Ni/HfO2/WBGs MOS gate stacks.  
In the following chapter, the experimental and theoretical methods used in this 
study such as growth techniques, characterization techniques and first-principles 
calculation method will be briefly introduced. Chapter 3 to 5 will mainly discuss the 
high-k dielectrics/SiC, GaN and ZnO systems by both experimental and theoretical 
studies. Meanwhile, the Ni/HfO2/WBGs MOS capacitors will be fabricated and 
electrical properties of these MOS capacitors will be discussed. Finally, a summary of 














2. Chapter Two 
Experimental and Computational Methods 
2.1  Growth techniques 
Thin films play very important roles in MOS fabrication starting from the very 
first pad oxide and nitride to the final passivation layer deposition. A great number of 
techniques have been developed to form uniform high-k thin films, such as Atomic 
Layer Deposition (ALD), Chemical Vapor Deposition (CVD), Physical Vapor 
Deposition (PVD), Molecular Beam Epitaxy (MBE), Ion Beam Assisted Deposition 
(IBAD) and Sol-gel Deposition.72  
2.1.1 High-k dielectrics deposition techniques 
Pulsed Laser Deposition (PLD) 
Pulsed laser deposition (PLD) is an effective method to produce high quality thin 
films by utilizing a technique called laser ablation. Pulsed laser deposition technique 
has been widely used in the fabrication of complex oxides films due to its flexibility 
in the choice of various set up parameters, such as target material, ablation 
characteristics, target-substrate geometry, ambient gas and its pressure, and substrate 
temperature.73 A typical set-up for PLD is schematically shown in Figure 2.1. In an 
ultrahigh vacuum (UHV) chamber, elementary or alloy targets are struck at an angle 
of 45o by a pulsed and focused laser beam. The physical phenomena of laser-target 
interaction and film growth are quite complex. When the laser pulse is absorbed by 
the target, energy is first converted into electronic excitation and then into thermal, 




chemical and mechanical energy resulting in evaporation, ablation, plasma formation 
and even exfoliation. The ejected species expand into the surrounding vacuum in the 
form of a plume containing many energetic species including atoms, molecules, 
electrons, ions, clusters, particulates and molten globules, before depositing on the 
typically hot substrate. 
 
             Figure 2.1 Schematic Pulsed Laser Deposition (PLD) system. 
In contrast to all other evaporation techniques, the power source (laser) is placed 
outside the vacuum chamber. A pulsed laser beam is focused on the target surface 
with large laser energy in a short duration. PLD technique has many particular 
advantages in the growth of complex oxide thin films. For example, the exact 
stoichiometry of target materials can be maintained during the deposition; thin films 
growth can be exactly controlled to get the high quality oxide films; the growth of 
multilayer and superlattice structures can be achieved; high deposition rates make 
PLD convenient for the deposition on some active substrates which are sensitive for 
diffusion. Simple operation process and low cost of PLD have attracted researchers 
for novel applications of PLD. 





The most common forms of physical vapor deposition (PVD) are evaporation, e-
beam evaporation, plasma spray deposition, and sputtering. Today, in ULSI 
fabrication, sputtering is the most widely-used method to accomplish PVD of thin 
films. Sputtering is a process in which atoms on the surface of a target (cathode) are 
knocked off and condensed into a thin layer of the extracted material on a substrate 
(anode), through high-energy particle bombardment by either reactive or non-reactive 
ions.74-75 The prevalence of sputtering is because of (1) the high deposition rate 
afforded by modern cathode and target design, (2) the capability of depositing and 
maintaining complex alloy compositions, (3) the capability of depositing high-
melting-temperature metals (like refractory metals), (4) the capability of maintaining 
well-controlled, uniform deposition on large (200 mm and 300mm diameters) wafers, 
and (5) the capability of cleaning the substrate surface before depositing metal in 
multi-chamber systems.  
 
Figure 2.2 Schematic illustration of a RF sputtering chamber. 




Figure 2.2 is a schematic illustration of a RF (radio frequency) sputtering chamber. 
The substrate is placed in a low-pressure chamber between a cathode and an anode.  
Both the electrodes are driven by a RF power source, which ionizes the gas and 
generates plasma in between. The sputtering gas is often an inert gas such as argon. 
For efficient momentum transfer, the atomic weight of the sputtering gas should be 
close to the atomic weight of the target, so for sputtering light elements neon is 
preferable, while for heavy elements krypton or xenon are used. A DC potential is 
used to drive the ions towards the surface of the target causing atoms to be knocked 
off and condensed on the substrate surface. The use of a RF generator is essential to 
maintain the discharge and to avoid charge build-up when sputtering insulating 
materials such as PZT. The presence of a matching network between the RF generator 
and the target is necessary in order to optimize the power dissipation in the discharge. 
Magnets are implemented to enhance the sputtering rate, by increasing the ionizing 
effect of electrons magnetically trapped in the vicinity of the target (magnetron 
sputtering). Using magnets can trap not only electrons, but also charged species at the 
target, so that the unwanted species cannot reach the substrate and the film quality is 
improved. Sputtering has become a prevailing technique for depositing various 
metallic films on wafers because of its unparalleled characteristics mentioned before. 
No other deposition technique can offer all these advantages. Sputtering is and will 
continue to be the technique of choice to deposit aluminum, aluminum alloys, 
platinum, gold, TiW, and transition metals (Pt, Ti, Co, Ni, etc.). 
2.1.2 Metal gates deposition techniques 
In our work, metal gate materials were deposited by using the electron beam 
evaporation (also known as e-beam evaporation), a form of physical vapor deposition 




techniques in which a target anode is bombarded with an electron beam given off by a 
charged tungsten filament under high vacuum. The electron beam causes atoms from 
the target to transform into the gaseous phase. These atoms then precipitate into solid 
form, coating the sample substrate in the vacuum chamber with a thin layer of the 
anode material. Electron beam physical vapor deposition yields a high deposition rate 
from 0.1μm/min to 100 μm/min at relatively low substrate temperatures, with very 
high material utilization efficiency. 
       In this thesis, Omicron EFM3 e-Beam evaporators as shown in Figure 2.3 are 
used to achieve the in situ growth of metal gate materials.  
 
Figure 2.3 Schematic Omicron EFM3 e-Beam evaporator system. 
2.1.3 Rapid thermal annealing 
Rapid thermal anneal (RTA) is a subset of Rapid Thermal Processing (RTP). 
Rapid Thermal Processing refers to a semiconductor manufacturing process which 
heats wafers to high temperatures on a timescale of several seconds or less under 
atmospheric conditions or at low pressure under isothermal conditions. During 
cooling, however, wafer temperatures must be brought down slowly so they do not 
break due to thermal shock. It is a process used in semiconductor device fabrication 




which consists of heating a single wafer at a time in order to affect its electrical 
properties. Unique heat treatments are designed for different effects. Wafers are 
heated in order to activate dopants, change film-to-film or film-to-wafer substrate 
interfaces, densify deposited films, change states of grown films, repair damage from 
ion implantation, move dopants or drive dopants from one film into another or from a 
film into the wafer substrate. 76 
 
Figure 2.4 Schematic diagram of a rapid thermal processing system.  
 
Figure 2.4 shows a basic RTP system schematically. The processing chamber is 
made of quartz, silicon carbide, stainless steel, or aluminum, and has quartz windows 
through which the optical radiation passes to illuminate the wafer inside. The wafer 
holder is normally made of quartz and contacts the wafer in a minimum number of 
spots. A thermocouple or IR pyrometer is placed in a control loop to monitor and  
control wafer temperature. The RTP system is interfaced with a gas-handling system 
and a computer to adjust the annealing ambient and to control the system operation, 
respectively. 




2.1.4 Nitridation treatment 
      Oxford Applied Research (OAR) RF atomic nitrogen source was used to perform 
the nitridation treatment. In a RF atom source, nitrogen gas is introduced into an all -
ceramic cavity. Plasma is induced by applying inductively-coupled RF excitation in 
the discharge zone. The plasma dissociates the feed gas into ions and neutral reactive 
atoms, and the latter species effuse through an aperture, plasma-confinement plate 
into the process chamber. Charged particles are retained within the plasma. The RF 
atomic nitrogen source includes plasma-enhancement features and an ultra-efficient 
matching network resulting in almost zero power loss at maximum operating power.77 
In this thesis, the direct nitridation process was carried out in the sample preparation 
chamber of XPS ultra-high vacuum (UHV) multi-chamber system.  
2.2 Characterization techniques  
To study the atomic and electronic structure of metal/high-k 
dielectrics/semiconductor system, many surface and interfacial analytical techniques 
are often needed. There are many characterization techniques used in this thesis, such 
as x-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD), scanning 
tunneling microscope (STM). As an effective method to investigate the electronic 
structures of various materials, XPS has been widely used to study the band structures, 
the electronic states of surface and interface of semiconductor materials. Therefore, 
we will go into details concerning XPS techniques.  
2.2.1 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy, also known as Electron Spectroscopy for 
Chemical Analysis (ESCA), has been widely used to investigate the chemical 




composition at the sample surface, since it was introduced in the mid 1960s by K. 
Siegbahn and his research group at the University of Uppsala, Sweden. XPS is widely 
used to identify the chemical species at the surface of sample, including all elements 
except hydrogen and helium. The use of XPS in analytical laboratories throughout the 
world attests to the problem-solving capability of this technique. The ability to 
explore the first few atomic layers and assign chemical states to the detected atoms 
has shown XPS to be a powerful addition to analytical laboratory. 
2.2.1.1 Basic principles of XPS 
The physical basis for XPS is the photoelectric effect (observed by Heinrich 
Hertz78 in 1887) and the photoelectric law (proposed by Albert Einstein79 in 1905).  
 
Figure 2.5 Schematic photoemission process of XPS. 
When x-rays as photons are incident on a solid, they interact with atoms in the 
surface region, causing electrons to be emitted from any orbital of solid with certain 
kinetic energy occurring for x-ray energies exceeding the binding energy, as shown in 




Figure 2.5. From one-electron model and the conservation of energy, the energy 
relation between initial state and final state can be expressed as80
 
 
                           (2.1) 
or              
             (2.2) 
where Ekin is the kinetic energy of the photoionized electron, and              is 
the binding energy when the electron was localized in an orbital. A photoelectron 
spectrum can be recorded by measuring the kinetic energy (EKE) distribution of the 
emitted photoelectron using any appropriate electron energy analyzer and calculate 
photoelectron binding energy (EB) in electron volts (eV) 
                    (2.3) 
where ωis the excitation x-ray energy. Mg Kα (1253.6 eV) or Al Kα (1486.6 eV) are 
usually used as x-ray source.   is the electron spectrometer work function, and δ is 
the energy shift contributed by net surface charges. Through calibration, ( −δ) should 
equal to zero. The binding energy may be regarded as the energy difference between 
the initial and final states after the photoelectron has left the atom. Because there are a 
variety of possible final states of the ions from each type of atom, there is 
corresponding variety of kinetic energies of the emitted electrons. 
2.2.1.2 Important parameters of XPS 
Sampling depth The x-ray penetrates into the sample with a distance of several μm. 
However, the depth related to the emission and detection of photoelectrons is much 
less and the surface sensitivity arises from such small depth. The probability of a 
detected photoelectron originating from a particular depth d is:  
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where λ is the inelastic mean free path (IMFP), it is a measure at the average distance 
traveled by an electron through a solid before it is inelastically scattered. From Eq. 
(2.4), it is estimated that 63% of the photoelectrons are originated from a distance 
range of 0<d<λ; 23% are from λ<d<2λ and 9% from 2λ<d<3λ. Virtually most (>95%) 
of the electrons detected come from within 3 IMFPs of the surface. Thus 3λ (3 IMFPs) 
is called “sampling depth” or “information depth”. λ depends on two factors: the 
initial kinetic energy of the electron and the nature of the sample. The typical value of 
λ is less than l nm for electron energies in the range of 15 eV~35 eV, and larger than 
2nm for electron energies in the range of 350 eV~1400 eV. This means that XPS, 
which involves the generation and detection of electrons of such energies, will be 
surface sensitive. If we collect photoelectrons at more grazing emission angle, the 
surface sensitivity will increase; this is called angle-resolved XPS.  
Detection limit and elemental quantification Most XPS measurement gives us a 
relative quantification of surface concentration, and detection limit concerning the 
concentration of a specific element in the sample is in the range of 0.1%-1%. Also, 
different elements have different detect sensitivity. The number of photoelectrons per 
second in a spectra peak is given by  
I = n/S      (2.5) 
and the number of atoms of the element per cm3 of the sample is  
n = I/S      (2.6) 
where S is atomic sensitivity factor. A general expression for deter mining the atom 
fraction of any constituent in a sample, Cx, can be written as  
Cx = (Ix/Sx)/(Σ Ii/Si)      (2.7) 




where Ix and Sx are the peak area and atomic sensitivity factor of element x, 
respectively.  
Energy resolution In XPS the energy resolution or the full width at half maximum 






      
(2.8) 
where ΔEn is the intrinsic width of the initial level and the lifetime of the final state, 
and ΔEa is the resolving power of electron-energy analyzer. In most cases, the line-
width ΔEp of source x-ray is the major contribution to the overall XPS spectrum 
resolution. The efficient way to narrow down the width is to use a monochromator 
gun as equipped in VG ESCA LAB-220i XL system, where a best energy resolution 
of around 0.45 eV can be achieved. Notice that the energy resolution for XPS 
introduced here is different from the accuracy of the observed binding energy (BE), 
which is within 0.02~0.03 eV on an absolute scale over the binding energy range of 0 
to 1000 eV for VG ESCA LAB-220i XL system after careful calibration. The binding 
energy scale of XPS was calibrated using pure gold, silver, and copper by setting the 
Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 at binding energy of 83.98, 368.26, and 932.67eV, 
respectively.57 
2.2.1.3 Data interpretation 
Curve fitting In some cases, the XPS peaks may consist of a number of overlapping 
peaks, often of different peak shapes and intensities. In this situation, peak 
fitting/deconvolution is required to separate overlapping peaks in a spectrum. Our 
XPS spectral deconvolution is achieved using the manufacturer's standard software of 
“Thermo Avantage” with a curve-fitting mathematical process based on a Lorentzian 
broadened by a Gaussian due to the instrumental resolution. The shapes of the peak 




(height, width, Gaussian/Lorentzian function, etc) are automatically varied until the 
best fit to the observed spectrum is achieved. Constraints (e.g. the shape and position 
of peak) can be applied to peaks so that the results of the fitting process remain 
physically realistic. 
Feature lines identification The XPS spectrum is displayed as a plot of the number 
of electrons versus electron binding energy. The well-defined peaks are due to the 
emitted electrons without suffering an inelastic energy loss from the sample. Those 
electrons undergoing inelastic loss processes form the background of spectra. The 
background is continuous because of the random and multiple energy loss processes. 
There are several types of feature peaks observed in XPS spectra. Some of them are 
fundamental in XPS, while some else strongly depend on the exact chemical natures 
of the sample. In this section, four types of main feature lines in XPS spectra will be 
briefly introduced.  
(1) Photoelectron Lines: The most intense peaks observed in XPS spectra are 
photoelectron lines. It mainly includes the core-level lines deriving from the emitted 
electrons from core-level orbits of analyzed sample, and the valence-band lines 
produced by photoelectron emission from molecular orbital and from solid-state 
energy bands, which locate at the lower binding energy of XPS spectrum (0-20 eV). 
The photoelectron lines are most useful information in XPS spectra for studying the 
chemical states and electronic states of materials surface. In our study, we will focus 
on carefully interpreting these photoelectron lines.  
(2) Auger Lines: X-ray induced Auger electron emission also occurs during XPS. 
Four main Auger lines are observed in XPS spectra:  KLL, LMM, MNN and NOO, 
which are identified by specifying the initial and final vacancies in the Auger 




transition. While such Auger lines may interfere with XPS lines, they can also be used 
to advantage. For example, varying the incident x-ray energy changes the energy of 
XPS electrons but not the energy of Auger electrons.81 
(3) Shake-Up/Shake-Off Lines: Photoemission process not only leads to the 
formation of ions in the ground state but also leave ions in an excited state with a few 
electron volts above the ground state. These results in the formation of a satellite peak 
a few eV higher in binding energy than the main peak. These lines are denoted as 
shake-up or shake-off lines, which represent the excitation of electrons to bound or 
unbound states, respectively. 
(4) Energy Loss Lines: In some materials, there is high probability of the 
interaction between photoelectrons and other electrons, which causes the loss of a  
specific amount of energy of photoelectrons. This interaction commonly includes both 
plasma and band-to-band transitions process, which can be characterized from the 
photoemission signals appearing in the higher binding energy side of primary core-
line peaks. Actually, this energy loss spectrum is often observed in complex 
dielectrics. For dielectrics materials, since plasmas excitation generally locates at 
higher energy loss than the electron-hole excitation does, the analysis of the onset of 
the energy loss spectrum is a useful way to determine the energy band gap of 
dielectrics materials.82 
There are still several types of feature lines in the XPS spectrum differing from 
the above discussion: such as, X-ray Satellites lines due to the nonmonochromatic 
sources, X-ray Ghost Lines because of the contamination of the x-ray source or 
sample holder, and Multiplet Splitting resulting from the coupling of unpaired 
electrons during the photoemission. In XPS experiment, sometimes, unexpected peaks 




may appear for a variety of reasons, and care should be taken in interpreting the XPS 
data correctly.  
Chemical State Identification The electron binding energy is influenced by its 
chemical surroundings making it suitable for determining chemical states. The major 
function of XPS is to identify the chemical states of materials by using binding energy 
shifts. However, for most insulating samples, electron emission from the sample may 
cause positive sample charging, known as “surface charge” shift. The surface charge 
effect will result in the peak broadening and shifting. To compensate the surface 
charge, electron-flood gun was used to neutralize the photoemission charge on the 
surface of sample. Careful operation procedure should be taken to minimize this 
surface charge effect. In our work, the optimized flood gun setting was chosen by 
considering following two factors83: a) the FWHM of the peaks should be as low as 
possible; b) the intensity of the peaks should be as strong as possible. It has been 
verified that, using electron-flood gun compensation, no obvious peak broadening was 
found in our experiments. Apart from the compensation by electron flood gun, the 
proper core-level peaks should be chosen as reference as well to correct the surface 
charge shift of insulating samples. 
Quantitative Analysis XPS technology also can be used to study the relative 
concentration of the various constituents in a sample. This is achieved by quantitative 
analysis of peaks area and peaks heights. The method utilizing the peak height 
sensitivity factors is one more accurate method. Here, we will briefly introduce this 
method. 
For a homogenous sample in the analysis area, the number of photoelectrons per 
second in a specific spectra peak is given by  




ATynfI                (2.9) 
where n is the number of atoms of the element per cm3 of the sample, f is the x-ray 
flux in photos/cm2-sec, σ is the photoelectric cross-section for the atomic orbital of 
interest in cm2, θ is the angular efficiency factor for the instrumental arrangement 
based on the angle between the photon path and detected electron, y is the efficiency 
in the photoelectric process for the formation of photoelectrons of the normal 
photoelectron energy, λ is the mean free path of the photoelectrons in the sample, A is 
the area of the sample from which photoelectrons are detected, and T is the detection 
efficiency for electrons emitted from the sample. From Eq. 2.9, we can get the number 





          (2.10) 
If we define the denominator in Eq. (2.10) as the atomic sensitivity factor: S, then 
a general expression for determining the atom ratio of any constituent in a sample, Cx, 















           (2.11) 
where I and S are the peak area and atomic sensitivity factor of certain constituent x, 
respectively.  
2.2.1.4 Instrument and application of XPS 
Typically, XPS includes three basic components: x-ray source, electron energy 
analyzer and electron detector. All of these components are set in a high vacuum 
chamber, as shown in Figure 2.6.  





                      Figure 2.6 Schematic XPS measurement. 
In Figure 2.6 an electron kinetic energy analyzer is a concentric hemispherical 
analyser, which uses an electric field to divert electrons with different amounts 
depending on their kinetic energies, and electrons were brought to focus at the 
analyzer exit slit to generate a spectrum. An electron multiplier amplifies the signal.  
In our work, we use VG ESCA LAB-220i XL system with monochromatic Al Kα 
(1486.6eV) as x-ray source. Figure 2.7 illustrates main components of this system. 
This is a compact and powerful system, which consists of various attachments to meet 
various requirements: such as in situ growth with e-beam evaporators, surface 
treatments including an ion sputtering gun or atomic nitrogen source and heat 
annealing stages in the UHV chamber.  
 














Figure 2.7 Main components of VG ESCA LAB-220i XL XPS system. 
In this thesis, the work carried in XPS system mainly includes four parts: (i)  to 
determine the energy band alignments at high-k dielectrics/semiconductors interfaces; 
(ii) to study the effect of interfacial structures on the band alignments at high-k 
dielectrics and high-k dielectric/semiconductor interfaces; (iii) to study the thermal 
stability of high-k dielectrics/semiconductor interfaces; (iv) to study the effect of 
nitridation treatment on the electronic structures of high-k dielectrics films. 
2.2.2 Other characterization techniques 
X-ray Diffraction (XRD) is one of the most widely used characterization techniques 
to study the structures of materials.84 Two x-ray diffraction characterizations were 
carried out to determine the crystal structure and quality of the thin film deposited. 
Gonio (θ-2θ) scans were used to identify the crystalline phase and determine the out-
of-plane crystal orientation of the deposited film; phi (φ) scans were used to 




determine the in-plane crystal orientation. In Gonio scan, an x-ray beam was incident 
on sample with an angle to the normal of the film surface. The x-ray was then 
diffracted by the crystal lattice of the samples and the diffracted x-ray intensity was 
measured. A schematic diagram of the gonio scan is shown in Figure 2.8. 
 
Figure 2.8 X-ray diffraction (XRD) θ-2θ scan. 
Philips APD 1700 X-ray diffractometer with Cu Kα radiation was used for the 
gonio scans of the thin films. The films were first mounted onto a glass slide. The x-
ray was produced by impinging a copper target with an electron beam of 30 kV with a 
current of 20 mA. An incident slit of 1° and a receiving slit of 2 mm were used to 
ensure that the receivedsignals are the diffracted x-rays caming from only the samples. 
The parameters used for gonio scan were as following:  
1) 2θ range: 20° to 60°  
2) Scan Step: 0.05°  
3) Collection time: 1 second per step  
The results were then compared to the standard powder diffraction file85 and the 
publications in the open journals, for determination of the phase composition, crystal 
orientation and lattice parameters of the films deposited.  




Phi (φ) scan was carried out using a Bruker D8-ADVANCE XRD machine. The 
sample was mounted on stage that can be rotated along the axis normal to sample. The 
x-ray incident angle and the detector were fixed, and the sample was rotated along the 
normal axis of the film surface and the diffraction pattern was collected. The incident 
angle and detect angle were calculated based on the interested planes.  
The information of materials structures is produced by the diffraction of x-rays 
through the closely spaced lattice of atoms in a crystal. The spacing in the crystal 
lattice can be derived from Bragg’s law.86 In this thesis, to study the epitaxial 
relationship between thin films and substrates, we perform both θ-2θ scan and in-
plane phi scan on samples by using high-resolution XRD (X’pert MRD, Philips) using 
a Cu x-ray source. 
Scanning tunneling microscope  (STM) is widely used in both industrial and 
fundamental research to obtain atomic-scale images of metal surfaces. It provides a 
three-dimensional profile of the surface which is very useful for characterizing 
surface roughness, observing surface defects, and determining the size and 
conformation of molecules and aggregates on the surface. For an STM, good 
resolution is considered to be 0.1 nm lateral resolution and 0.01 nm depth resolution.87 
The STM can be used not only in ultra high vacuum but also in air, water, and various 
other liquid or gas ambients, and at temperatures ranging from near zero kelvin to a 
few hundred degrees Celsius.88 
The operation of a scanning tunneling microscope is based on the concept of 
quantum tunneling, which starts to flow when a sharp tip approaches a conducting 
surface at a distance of approximately one nanometer. The tip is mounted on a 
piezoelectric tube, which allows tiny movements by applying a voltage at its 




electrodes. Thereby, the electronics of the STM system control the tip position in such 
a way that the tunneling current and the tip-surface distance are kept constant; while 
at the same time a small area of the sample surface is scanned. This movement is 
recorded and can be displayed as an image of the surface topography. Under ideal 
circumstances, individual atoms of a surface are routinely imaged and manipulated. 
STM can be a challenging technique, as it requires extremely clean and stable 
surfaces, sharp tips, excellent vibration control, and sophisticated electronics. 
2.3 Computational method (First-principles calculations) 
 In physics, a calculation is said to be from first principles, or ab initio, if it starts 
directly at the level of established laws of physics and does not make assumptions 
such as empirical model and fitting parameters. For example, calculation of electronic 
structure using Schrödinger's equation within a set of approximations that do not 
include fitting the model to experimental data is an ab initio approach. First-
principles or ab initio calculations refer to calculations that do not rely on any 
adjustable parameters.  
In this thesis, to understand the underlying physical mechanism for various  
electronic properties of high-k dielectrics/semiconductor system, theoretical studies 
were performed by using first-principles calculation based on density functional 
theory (DFT). In principle, all problems of materials can be explained by solving the 
time-dependent Schrödinger equation of the many-body system. However, this many-
body system which typically contains ~1023 particles such as in solids, proves to be 
impossible to handle in practice. Thus, to make first-principles calculations based on 
the many-body Schrödinger equation practical, a large number of simplifications and 
approximations are needed, in which the density functional theory extends the 




calculations to large systems. In this section, a brief introduction of the first-principle 
calculation will be given. 
 Much of condensed matter physics lies in finding the ground state of a system 
with Ni nuclei and Ne electrons in interaction, which is achieved by solving time-
independent Schrödinger equation, as shown in Eq. 2.12: 
           (2.12) 
where the wave function  and Hamiltonian Hˆ  are functions of all the nuclei and 
electron coordinates     and     , respectively. E is the eigenstate energy of the system. 
For any practical system, one has to resort to many approximations. First of all, the 
Born-oppenheimer approximation removes the nuclei from the system and treats them 
as in an adiabatic environment due to the fact tha t the nuclei are much heavier and 
hence move much slower than the electrons.89 Considering the relative large mass and 
slow movement of ion cores, the 
ionHˆ  term can be dissociated from the other terms in 
the Hamiltonian and considered as a perturbation. The unperturbed Hamiltonian does 
not include differential operators with respect to nuclear positions. Thus the nuclear 
positions can be considered as classical vibrates and no more as quantum ones, 
leading to a separation of electronic and nuclear coordinations in the many-body wave 
function. Adopting the Born-Oppenheimer approximation, the Hamiltonian for the N-
electron subsystem is described as: 
                      (2.13) 
where  is an antisymmetric function of N electrons in a solid. In Eq. 2.13, the first 
































interactions between the electrons. The last term represents the interaction between 
electrons and bare nuclei at the fixed positions in a solid,    . The total energy of the 
system also includes the Coulomb repulsion between the ions. However, the 
computational difficulty mainly arises from the electron-electron interaction. To 
resolve this problem, Hartree approximation states that  can be written as a product 
of N one-electron wavefunctions. Hatree approximation separates the many-body 
equation into independent equations in the coordinates of the individual electrons, 
which can be written as a product of N one-electron wavefunctions based on the 
assumption that the electrons interact only via the Coulomb force. Although Hartree-
Fock approximation has the advantage to include exactly the exchange effects, it 
neglects the electron correlation.90-91 At present, the density functional theory (DFT), 
developed by Hohenberg and Kohn (1964)92 and Kohn and Sham (1965)93, is the most 
successful and also the most promising approach to model electron-electron 
interaction in terms of single-electron equations. DFT allows one, in principle, to 
solve exactly the problem of a strongly interacting electron gas in the map of a single 
particle moving in an effective non-local potential. So far, DFT has been widely used 
in almost all band-structure and electronic structure calculations in condensed matter 
physics and the quantum chemistry community.94 
As the starting point of DFT, Hohenberg and Kohn pointed out that electron 
density contains in principle all the information included in a many-electron wave 
function. While the Hohenberg-Kohn theorem rigorously established the density as a 
variable to find the ground-state energy of an N-electron problem, Kohn and Sham 
formally showed the possibility to replace the many-electron problem by an exactly 
equivalent set of self-consistent one electron equations, which provided practical tools 




for applying DFT. The Kohn-Sham total-energy functional for a set of doubly 
occupied electronic states  can be written as: 
  
                                                
(2.14) 
where Vion is the static total electron-ion potential,  is the electron density which 
was obtained by using a set of single-electron wave functions  as the main 
ingredients, 
     (2.15) 
 is the exchange-correlation functional, and Eion is the Coulomb energy 
associated with interactions among the nuclei (or ions) at positions . The 
minimum value of the Kohn-Sham energy functional is equal to the ground state 
energy of the system with the ions at positions .  
By varying the energy functional with respect to the wave function, one can 
determine the set of wave functions  that minimize the Kohn-Sham total-energy 
functional. These are given by the self-consistent solutions to the Kohn-Sham 
equations (1965):  

























































































where  is the wave function of electronic state l,  is the Kohn-Sham 
eigenvalue, and  is the exchange-correlation energy.  
The Kohn-Sham equation represents a mapping of the interacting many-electrons 
system onto a system of noninteracting electrons moving in an effective potential due 
to the presence of all the other electrons. If the exchange-correlation energy functional 
was known exactly, then taking the functional derivative with respect to the density 
would produce an exchange-correlation potential that included the effects of exchange 
and correlation exactly. The Kohn-Sham equations must be solved self-consistently so 
that the occupied electronic states could generate a charge density that produces the 
electronic potential used to construct the equations. 
The exchange-correlation energy functional  in Kohn-Sham equations 
requires some approximation for this method in order to realize the tractable 
computation. A simple and good approximation is the local density approximation 
(LDA), which is based on the known exchange-correlation energy of the uniform 
electron gas.95 The local density approximation assumes that the charge density varies 
slowly in an atomic scale (i.e. each region of a molecule actually looks like a uniform 
electron gas). The total exchange-correlation energy can be obtained by integrating 
the uniform electron gas result:  
               (2.17) 
where  is the exchange-correlation energy per particle in a uniform electron gas 
and n is the number of particles. Slater96 derived a simple form of the exchange-
correlation potential, that is . In this approximation, the correlation is 























electron gas as a function of density may be derived from quantum Monte Carlo 
simulations97 and be used to construct exchange-correlation functionals within the 
framework of the LDA.98 
Considering the inhomogeneity of the electron gas which naturally occurs in any 
molecular system, the LDA model is improved by a density gradient expansion, 
which is referred as the generalized-gradient approximation (GGA). The gradient 
corrected exchange-correlation energy is described as: 
        (2.18) 
where at depends on the density and its gradient at positions .The GGA 
functionally provides a better overall description of the electronic subsystem. The 
LDA description tends to overbind atoms, so that the bond lengths and the cell 
volume are usually underestimated by a few percent, while the bulk modulus is 
overestimated correspondingly. GGA corrects this error and leads to slightly long 
bond lengths. For solid-state applications, the GGAs proposed by Perdew and co-
workers99-100 have been widely used and been proved to be quite successful in 
correcting some of the deficiencies of the LDA. 
In this thesis, the first-principles calculation based on DFT methods as 
implemented in VASP (Vienna Ab-initio Simulation Package)101-103 and CASTEP 
(Cambridge Serial Total Energy Package)104 simulation programs are used. In this 
thesis, VASP and CASTEP have been used to calculate the electronic properties of 
various systems such as bulk HfO2, ZnO or interfaces of HfO2/ZnO and ZrO2/ZnO. 
 













3. Chapter Three 
High-k dielectrics/SiC interfaces 
3.1 Introduction 
Currently, most of research has focused on the SiO2 gate oxide because SiC can 
be thermally oxidized to grow SiO2, one of the advantages over other wide band-gap 
semiconductors.  However, according to the Gauss’s law at the interface, the electric 
field in SiC is restricted due to the low dielectric constant of SiO2 (k=3.9). Therefore, 
the relatively thick high-k gate dielectrics have been expected to replace SiO2 to 
reduce the field strength within the dielectric itself, keeping the same capacitance and 
also improving device scaling ability. As a result, several high-k dielectrics have been 
investigated as possible gate oxides for SiC-based MOS device, such as Al2O3, AlN, 
HfO2, ZrO2, and La2O3.
60,105-107 Hafnium oxide is a preferable choice as it can be 
synthesized at low temperature and it has high dielectric constant (~30) and relatively 
low leakage current. 
However, SiC-based MOS device suffers severe degradation of the electron 
mobility due to the high density of interface state traps close to the conduction-band 
edge at the SiC/oxide interface.108-109 These trap states may be caused by carbon 
clusters and dangling bonds at the surface of SiC.110-112 Therefore, how to passivate 
SiC surface is a critical issue for fabricating high performance SiC-based devices. It 
has been reported that an atomic nitrogen treatment can assist to passivate the SiC 
surfaces and effectively passivate the oxygen vacancies in the high-k dielectrics 
because of its lower kinetic energy and higher activity.113-116 In addition, for the high-




k/SiC system, maintaining sufficient band offsets at the high-k/SiC interface are 
especially critical due to the wide band-gap of SiC (4H 3.25 eV) and the modest band-
gap of high-k oxides (5-6 eV).  
In this chapter, we investigated the passivation of SiC surfaces by applying atomic 
nitrogen source. We also studied the interface stability and band offsets at the 
interfaces of HfO2/SiC and the effect of nitrogen on the electronic structures and 
thermal stability of HfO2 film by using x-ray photoemission spectroscopy. Finally, 
Ni/HfO2/SiC MOS capacitors have been fabricated and the electrical properties of 
these MOS capacitors have been investigated by applying a varying voltage between 
the metal and substrate. 
3.2 Surface treatment of SiC substrates 
As we mentioned above, one of the advantages of SiC over other wide band-gap 
semiconductors is the formation of stable SiO2 on SiC surface by direct oxidation, 
which serves as a gate dielectric layer for various devices. However, the reliability of 
this SiO2 layer poses serious challenges because high density interfacial trap states 
can lead to poor electronic properties at the SiO2/SiC interface.
117 These trap states are 
believed to be caused by residual carbon clusters and silicon subdioxides remaining at 
the interface after high temperature oxidation. It has been reported that such 
interfacial defects can be passivated effectively by nitridation in nitric oxide (NO) 
ambient at temperatures of 1100°C and above,118-123 where Si dangling bonds react 
with nitrogen atoms to form Si-N or Si-O-N bonds while carbon clusters are 
converted into harmless C-N species.124 Besides the formation of these simple bonds, 
theoretical calculations suggest that much more complicated bonds may also be 
created during such nitridation processes, making it difficult to  control the electronic 




properties at the interface. In view of the fact that nitrogen atoms play a critical role in 
the passivation of the interface defects at SiO2/SiC interface, as revealed by both 
experimental and theoretical works, it is expected that an atomic nitrogen source may 
be used to assist the growth of a high quality passivation layer on SiC surfaces. Such 
nitride passivation layers have found wide applications in the growth of high quality 
GaN device, triple oxide-NO dielectric structure for memory devices, and high quality 
dielectric layer for complementary metal-oxide semiconductor devices. However, the 
use of atomic nitrogen sources has been limited, especially on SiC substrates.  
Experimental characterizations of SiC surface passivation 
 The 4H-SiC substrates used in this work were obtained from CREE. The samples 
were first cleaned in acetone baths for 5 minutes, followed by immersion into 10% 
HNO3 for 10 minutes. Then the SiC samples was loaded and transferred into the XPS 
preparation chamber. For the studies of surface passivation, a very thin Si buffer was 
deposited on the SiC surfaces and the sample was annealed at 600oC by resistive 
heating. Direct nitridation was carried out in the sample preparation chamber of an 
XPS UHV multichamber system by using Oxford Applied Research atomic nitrogen 
source with the N2 partial pressure of 5×10
−5 mbar. Following nitridation, the samples 
were transferred into the XPS analysis chamber at a background pressure of 1×10−10 
mbar. All XPS measurements were performed using a VG ESCALAB 220i-XL 
instrument (base pressure lower than 10-10 mbar), equipped with a monochromatic Al 
Kα (1486.7 eV) X-ray source. A concentric hemispherical energy analyzer and a 
magnetic immersion lens (XL Lens) are used to maximize the signal. All the spectra 
were obtained in the constant pass energy mode with pass energy of 10 eV to increase 
the energy resolution. Survey spectra were recorded with pass energy of 150 eV at 1 




eV step width. An electron shower was used to compensate for charge effects. The 
electron flux was adjusted to a value for slight over-compensation of the positive 
charging on the sample surface to minimize peak broadening induced by unstable or 
lateral differential charging. 
SiC Surface passivation by atomic nitrogen source 
Figure 3.1 shows the Si 2p spectra for a clean SiC surface and for SiC surfaces 
after nitridation for 2 h at room temperature (RT), respectively.  
 
Figure 3.1 Si 2p spectra for a clean SiC surface and for SiC surfaces after nitridation 
at RT. 
 
Si 2p peak from clean and stoichiometric 4H-SiC was located around 100.7 eV 
with a full width at half maximum (FWHM) of 1.1 eV. After nitridation, the Si 2p 
spectra were obviously widened, showing FWHM of 1.5 eV. Such an increase in 
FWHM implies the possible appearance of new chemical states on the SiC surfaces. 
After peak fitting of the Si 2p spectra, three component peaks located at 100.7±0.2, 
 


























101.4±0.2, and 102.5±0.2 eV can be clearly distinguished, in contrast with only one 
peak at 100.7 eV for clean SiC sample. The peak located at 101.4 eV is a signature of 
the silicon nitride formation,125-126 while the peak at 102.5 eV is likely attributed to 
silicon oxynitride formation.124 Based on the peak area ratio of the silicon nitride 
component and the SiC component in the fitted Si 2p spectra, we can estimate the 
thicknesses of the silicon nitride passivation layers to be about 1.0 nm for samples 
nitrided at RT.  
Figure 3.2 shows the N 1s spectra for 4H-SiC samples after nitridation at room 
temperatures for 2 h and N 1s spectra obtained from SiC surfaces annealed to 
different temperatures after nitridation at RT. All N 1s spectra can be fitted with two 
peaks, where the lower Binding Energy (BE) peaks are located at 398.1±0.2 for 
samples prepared at RT. The value is close to the N 1s BE of Si3N4. Furthermore, the 
ratio of peak area for these N 1s component peaks to the Si 2p component peaks at 
101.4 eV were calculated to be around 1.3 confirming that Si3N4 is the main product 
in the passivation layer on 4H-SiC surface. The second peak component of N 1s (BE 
of 399.0 eV) is assigned to SiOxNy chemical states, in agreement with the analysis of 
Si 2p spectra, where Si appears in two chemical states corresponding to the two states 
of nitrogen. After annealing at 600°C of the sample grown at RT nitridation, the BE 
of Si3N4 shifts downward from 398.1 to 397.7 eV, as seen in Figure 3.2 (b)-(d). 
Annealing this sample produces a change in the N 1s spectra. In particular, the SiOxNy 
peak intensity reduced to 20% of the overall N 1s peak intensity after annealing to 
600 °C, although the overall nitrogen concentration did not change, implying 
conversion into Si3N4. This can take place through migration of N atoms from the 
SiOxNy layer into the SiNx layer and subsequent reaction with unsaturated Si to form 




Si3N4 during annealing at higher temperature. This observation also indicates that 
Si3N4 is thermodynamically more stable than SiOxNy in the passivation layer. 
 
Figure 3.2 N 1s spectra for 4H-SiC samples after nitridation at room temperatures 
and N 1s spectra obtained from SiC surfaces annealed at different temperatures after 
nitridation at RT. 
 
 
In order to capture the reaction between C and N, a SiC surface rich in C-C bonds 
was intentionally prepared by Ar+ sputtering and post-annealed at high temperatures 
about 600oC. An obvious component peak at 284.5 eV can be observed at the higher 
BE side of C 1s XPS spectrum in Figure 3.3, indicating C-C bond formation on the 
SiC surface. Such surfaces were subsequently nitrided at RT, and it can be seen that 
the peak at 284.5 eV disappeared quickly even after nitridation at RT. This suggests 
that atomic N can easily attack excess C-C bonds and destroy this C-C bonding 
configuration, which is in good agreement with a previous report on the description of 
 


































C reaction with N and C-N bond formation on SiC surface. The absence of C-N bonds 
from the surface in this work could be due to nitrogen atom bombardment or high 
temperature annealing, accompanied by net loss of carbon from the surface after 
nitridation. 
 
Figure 3.3 C 1s spectra for clean SiC surface, C-rich SiC surface, and C-rich surface 
after nitridation at RT. 
 
3.3 Interfacial characterization of HfO2 gate dielectric on SiC 
The HfO2 (~4nm) films were deposited on SiC substrates by using pulsed laser 
deposition system with a base vacuum of 7×10−8 mbar.127 After the deposition, the 
samples were transferred into x-ray photoelectron spectroscopy system for different 
 



























treatment. Nitridation was achieved also in the sample preparation chamber of an XPS 
for 20 min. 
3.3.1 Band alignment at HfO2/4H-SiC interfaces 
Figure 3.4 show the Si 2p core level and valence-band spectra of clean 4H-SiC 
and as-grown HfO2 films on 4H-SiC substrate.  
 
Figure 3.4 (a) Core level Si 2p and valence-band spectra of clean 4H-SiC and pure 
HfO2 grown on 4H-SiC (b) the energy-band alignments for pure HfO2 grown on 4H-
SiC. 
 
The valence and conduction band discontinuities were determined by using 
method proposed by Kraut et al.52 In this work, Si 2p located at 101.65 eV was 
chosen as the reference to determine the energy band alignment. The valence band 
maximum was determined by using linear extrapolation method. It was found that the 
valence band edge of 4H-SiC substrate is at 2.58 eV and the valence band edge of 
 









































pure HfO2 film on 4H-SiC is 3.60 eV as shown in Figure 3.4 (a). Therefore, the 
valence band offset at HfO2/SiC interface were determined to be 3.60-2.58=1.02±0.05 
eV. The conduction band offset for pure HfO2/4H-SiC can be calculated to be 
1.53±0.05 eV, in good agreement with the report by Afanas’ev et al,61 by simply 
subtracting the valence-band offset and the energy gap of the substrate from the band 
gap of 4H-SiC as shown in Figure 3.4 (b). 
3.3.2 Nitridation of HfO2 film and its thermal stability  
Nitridation treatment not only can passivate the SiC substrates but also can 
passivate the oxygen vacancies in high-k dielectric films. Here, we will study the 
effect of nitridation on the electronic and thermal stability of high-k dielectrics films. 
Firstly, we will study the electronic and thermal stability of nitrogen doped HfO 2 
films by XPS. Secondly, to further understand the mechanisms of the effect of 
nitrogen doping, we chose HfO2 as a prototype to study the nitrogen-doped HfO2 
films theoretically. 
Figure 3.5 shows the valence band of (a) pure HfO2 grown on 4H-SiC and (b) 
nitrided HfO2 grown on 4H-SiC at room temperature for 20 min. The Si 2p located at 
101.65 eV was used as the reference for peaks alignment. It was found that the 
leading edge of valence band spectra shifts from 3.60 eV for pure HfO2 film to 3.37 
eV for HfO2 after nitridation at RT which may be due to the contribution of N-Hf 
bonds and N interstitials in the film. This significant change from valence band 
spectra of HfO2 film after nitridation is in good agreement with the report by Sayan et 
al. that nitridation could reduce the band gap, and both of valence and conduction 
band offsets of HfSiO relative to Si.128  





Figure 3.5 Valence-band spectra of pure HfO2 grown on 4H-SiC and HfO2:N grown 
on 4H-SiC at RT. 
 
In order to study the thermal stability, the nitrided HfO2 film was in situ post-
annealed and characterized in a stepwise at temperature of 300oC, 400oC and 500oC in 
the analysis chamber of XPS. Figure 3.6 shows the XPS (a) Hf 4f and (b) O 1s core 
level spectra of pure HfO2, HfO2 film with nitridation at room temperature for 20min, 
and nitrided HfO2 film annealed at 300
oC, 400oC and 500oC. The Si 2p located at 
101.65 eV was aligned as the reference. From Figure 3.6 (a), it was found that the 
shape of Hf 4f does not change obviously, indicating the absence of peak 
corresponding to Hf silicide or Hf metal and the absence of the interaction between Hf 
atoms and other elements. However, the position of Hf 4f peak shifts from 18.03 eV 
to lower binding energy 17.65 eV after nitrogen incorporation, then shifts back to 
18.35 eV with the increasing of annealing temperature. Similar shift was also found 
for O 1s core level, as shown in Figure 3.6 (b). 
 

































Figure 3.6 Core level XPS spectra (a) Hf 4f, (b) O 1s, (c) N 1s of as-grown, nitrided 
HfO2 grown on 4H-SiC at RT and nitrided HfO2 grown on 4H-SiC after annealing at 
300oC, 400oC and 500oC. 
 
Although Hf 4f and O 1s shift in the same direction, N 1s shifts in the opposite 
direction. Figure 3.6 (c) shows the N 1s core level spectra of nitrided HfO2 film and 
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nitrided HfO2 film annealed at 300
oC, 400oC and 500oC. It was noticed that N 1s peak 
downward shifts from 400.35 eV to 397.75 eV after thermal annealing at 500 oC. The 
peak at 400.35 eV could mainly be attributed to Si-O-N bonds, while 397.75 eV 
should be due to the formation of N-Hf bonds. The N-Hf bonds are formed by the 
substitution of O atoms or passivation of vacancies with N atoms in the film, while 
the N-O bonds are formed by the substituted N atoms connecting to interstitial O 
atoms or the bonds of O atoms connecting to interstitial N atoms. 129 According to the 
different shift directions of N 1s core levels, the condition could be correlation to 
breaking Si-O-N bonds at the higher annealing temperature, and the nitrogen atoms 
diffuse into HfO2 film to form Hf-N bonds. 
We also studied the valence band spectra of nitrided HfO2/4H-SiC stacks after 
thermal annealing in UHV chamber, as shown in Figure 3.7. It was found that the 
VBM of nitrided HfO2/4H-SiC stacks shifts from 3.78 eV to 3.94 eV after annealing 
at 500oC, which is mainly due to nitrogen substituting for oxygen atoms next to 
oxygen vacancy sites. Consequently, the valence band offset is shift upward to 1.36 
eV after annealing nitrided HfO2/4H-SiC at 500
oC. In addition, it was found that the 
Si 2p peak shoulder from peak fitting in the range of 103.20-103.90 eV corresponds to 
Si-O or Si-N-O bonds. This peak becomes more distinct with increasing annealing 
temperature, while no peak corresponding to Hf silicide appears in Hf 4f XPS spectra 
as shown in Figure 3.6 (a). Therefore, we can believe that Si-N bond has higher 
thermal stability than Si-O bond. 





Figure 3.7 Valence-band spectra of nitrided HfO2 film grown on 4H-SiC after 
annealing at 300oC, 400oC and 500oC. 
 
3.3.3 Interface properties of HfO2/6H-SiC stacks and its thermal stability 
Figure 3.8 shows the valence band and Si 2p photoelectron spectra of clean 6H-
SiC substrate and HfO2 films grown on 6H-SiC substrates with/without atomic 
nitrogen incorporation for comparison with HfO2 film grown on 4H-SiC substrate. 
The Si 2p3/2 were measured to be 101.65 eV as the reference, and the valence band 
edge of the 6H-SiC substrate was 2.21 eV as shown in Figure 3.8 (a). It is obvious 
that the energy difference between Si 2p3/2 and the leading edge of 6H-SiC valence 
band spectra is 99.44 eV. For pure HfO2 film on 6H-SiC, its leading edge of valence 
band is 3.84 eV. Therefore, the valence band offset vE  for pure HfO2/6H-SiC is 
 










































1.63±0.05 eV. If we use the values for the band gaps of HfO2 ( 2HfOgE 5.8 eV) and 6H-
SiC ( SiC
gE 3.05 eV), the conduction-band offset for pure HfO2/6H-SiC can be 
calculated as 1.12±0.05 eV by using the same method above, in good agreement with 
the report by Robertson et al.63  
 
Figure 3.8 The valence band and Si 2p photoelectron spectra of (a) clean 6H-SiC 
substrate, (b) pure HfO2 grown on 6H-SiC, (c) nitrided HfO2/6H-SiC at RT, and 
nitrided HfO2/6H-SiC after annealing at 300
oC (d), 400oC (e) and 500oC (f). 
 



























































It was found that the leading edge of valence band spectra shifts from 3.84 eV for 
pure HfO2 film to 3.44 eV for HfO2 after nitridation at room temperature, then shifts 
back to 3.71 eV after thermal annealing at 500oC. It can be seen that the values of 
leading edge of valence band spectra of HfO2 film on 6H-SiC have the same change 
trend with that of HfO2 film on 4H-SiC. Similar phenomenon also can be observed in 
Si 2p photoelectron spectra of HfO2/4H-SiC that a new Si 2p peak shoulder in the 
range of 103.20-103.90 eV appears after annealing at 300oC, which corresponds to Si-
O or Si-N-O bonds. With the increase in annealing temperature, there is not much 
change for Si 2p peak except that the peak shoulder corresponding to Si-N becomes 
more distinct. 
3.3.4 First-principle calculation of electronic structure of nitrogen-doped 
HfO2 films 
      In order to clarify the chemical bond states in the HfO2 film with nitridation and 
their effect on the electronic structure, we conducted first-principles electronic 
structure calculations based on density functional theory to provide physical insights 
for the variation of valence band spectra of dielectric. As at atmospheric pressure and 
room temperature HfO2 is in a monoclinic phase, monoclinic HfO2 with a 48-atom 
supercell was used in our calculation and five models were considered: pure 
monoclinic HfO2, HfO2 with oxygen vacancies (HfO2–Ov), HfO2 with N substitution 
(HfO2–N, the ratio between the number of N and O is 1/31), N substituted HfO2 with 
interstitial O (HfO2–N–Oint), and HfO2 with interstitial N (HfO2–Nint). In monoclinic 
HfO2, O atom has two types of bond coordination, fourfold and threefold. Based on 
previous calculations,130 the oxygen vacancies are dominant at threefold site in HfOx. 
Therefore, here we only consider N substituting the threefold coordinated O atom site 




to discuss the effect of nitrogen incorporation on the electronic structure of HfO2 gate 
dielectric. The total energy and electronic structure were calculated using CASTEP 
code131 with Vanderbilt ultrasoft pseudopotentials and the generalized gradient 
approximation. The plane-wave basis cutoff energy is 340 eV. Figure 3.9 shows the 
local density of states (DOS) for monoclinic HfO2 bulk, HfO2 with oxygen vacancies 
(HfO2–Ov), HfO2 with N substitution (HfO2–N), N substituted HfO2 with interstitial O 
(HfO2–N–Oint), and HfO2 with interstitial N (HfO2–Nint), aligned by using the 
atomprojected density of states (PDOS) of O atoms far away from defects in 
respective supercells.  
For pure HfO2 bulk, the conduction band is formed mainly by Hf metal 5d 
electrons while O 2p forms the valence band, as shown in Figure 3.9 (a). The band 
gap is about 3.4 eV because of the well-known band gap underestimation in DFT. But 
for HfO2 with O vacancy, gap states appear at about 1.1 eV below the conduction 
band edge of HfO2, as shown in Figure 3.9 (b). These gap states, whose wave 
functions are mainly from the Hf 5d orbital, are believed to assist trap mediated 
tunneling.132-133 With N atoms occupying the threefold O vacancy site, N 2p states 
located at about 0.7 eV above the O 2p state and the band gap of HfO2–N was reduced 
accordingly to 2.7 eV, as shown in Figure 3.9 (c). This finding is in good agreement 
with our photoemission results concerning the reduced valence band offset after 
nitridation as shown in Figure 3.5. Another important finding in this calculation is that 
the gap states formed in oxygen vacancy-rich model disappear with the N atoms 
occupying the oxygen vacancy sites, indicating that the nitridation process helps to 
passivate oxygen vacancies in the gate dielectrics and remove electron leakage path 




mediated by oxygen vacancies. This has also been found in other experimental reports 
where remarkable reduction of leakage current with N incorporation was observed.134 
 
Figure 3.9 Density of states of (a) pure HfO2, (b) HfOx with O vacancy, (c) HfO2 with 
nitridation, (d) HfO2 with nitridation and O interstitial, and (f) HfO2 with N interstitial. 
 
 
The photoemission spectra show that after nitridation the N–O bonds formed in 
the dielectric. This might be due to the interstitial N or O atoms existing in the film. 
Therefore, in our calculation two models, N substituted HfO2 with interstitial O 
(HfO2–N–Oint) and HfO2 with interstitial N (HfO2–Nint), were constructed to 
investigate the effect of these interstitial O and N atoms on the electronic structure of 
nitrided HfO2. As shown in Figure 3.9 (d), the local DOS of N substituted HfO2 with 




O interstitial atoms indicates that the valence band edge is still dominated by N 2p 
electrons and the band gap maintains its value as that of nitrided HfO 2 without 
interstitial atoms. While for HfO2 with N interstitial atom, N 2p electrons form gap 
states close to the valence band edge of HfO2, about 1.6 eV above the O 2p state; thus 
it may cause a serious issue for HfO2 to have insufficient injection barrier when used 
as alternative gate dielectric. This interstitial N induced problem can be resolved by 
annealing process. As shown in Figure 3.7, the valence band edge for nitrided HfO2 
film shifts upward after annealing. Therefore, we believe that the N–O bond is 
dominated by interstitial N atoms and would break to form stable N–Hf bonds during 
vacuum annealing. 
3.4 Electrical characterization of Ni/HfO2/SiC MOS capacitors 
 The electrical performance is the ultimate criterion to judge its reliability for 
high-k replacing conventional gate oxide in semiconductor devices. By applying a 
varying voltage between the metal and substrate, many important parameters related 
to the quality of the dielectric layer and the quality of the dielectric-semiconductor 
interface, including interface density state, fixed charge, leakage current, etc., can be 
determined by studying the capacitance or current properties responding to the 
variation of bias voltage. In this chapter, we systemically investigated the electrical 
properties of HfO2 gate dielectrics on SiC under different conditions, i.e. rapid 
thermal annealing effect, frequency and conduction mechanisms in gate dielectrics. 
3.4.1 MOS fabrication process and measurement setup 
The n-type SiC substrates were first cleaned in acetone baths for 5 minutes, 
followed by immersion into 10% HNO3 for 10 minutes. Then the HfO2 dielectric 




layers were deposited on SiC substrates by reactive sputtering at 300oC with a base 
vacuum of 2.5×10−3 mbar.  The as-deposited HfO2 was treated by post-deposition 
anneal in N2 and O2 ambient at 800
oC for 5min by rapid thermal annealing. The flow 
rate for N2 and O2 is 8 SCCM (standard cubic centimeters per minute at STP). Nickel 
was evaporated using e-beam evaporator through a shadow mask on the HfO2 
dielectrics to provide dot gate electrodes. Low resistance ohmic contact was made by 
using Ni metal on the back side of the wafers. Measurements were made directly on 
the MOS capacitors. Each sample was placed in a probing station, which provided 
screening against external field and shielding against light. It was secured to a 
metallic base plate using vacuum suction. For all the measurements, a program was 
written to interface the instruments with computer. Capacitance-voltage (C-V) and 
current-voltage (I-V) characteristics were performed at room temperature using an 
Agilent 4284A LCR and Hewlett-Packard 4140B semiconductor parameter analyzer, 
respectively.  
3.4.2 Frequency dependence of electrical properties 
Figure 3.10 (a) shows the frequency dispersion of capacitance-voltage (C-V) 
characteristics of Ni/HfO2/SiC MOS capacitors. The capacitance at 50 kHz was 
higher than that of other higher frequencies in the accumulation region. The frequency 
dispersion of the C-V characteristics is due to the formation of an inhomogeneous 
layer at the semiconductor-oxide interface. Since the capacitance of such a layer acts 
in series with the oxide capacitance, it will cause frequency dispersion in the 
accumulation region. The C-V curves “stretched out” along the voltage axis, 
indicating a high interface trap density which occupying a portion of the 
semiconductor band-gap. 





(a)                                                               (b) 
Figure 3.10 (a) Capacitance-voltage (C-V) curves of Ni/HfO2/SiC MOS capacitors (b) 
hysteresis characteristics of Ni/HfO2/SiC gate stacks at 100 kHz. 
 
Figure 3.10 (b) shows the high frequency C-V measurement at 100 kHz. It was 
observed that negligible hysteresis with sweeping biasing voltages, indicating few 
unstable-trapped charges in the dielectric film. The flat-band voltage of as-deposited 
HfO2 film from the C-V curves is about 2.6 eV. The corresponding trapped fixed 
charges are negative and in the range of 3.36×1013 states/cm2. The equivalent oxide 
thickness (EOT) was extracted by fitting the measured C-V curve with the simulated 
C-V curve including the quantum confinement effects, as shown in Figure 3.11. The 
value of EOT is 2.4 nm.   
The simulated C-V curve is received from QM CV simulator. The quantum 
mechanism confinement is considered this QM simulator, because the band bending 
forms a potential near semiconductor surface, carriers are confined like a 2-D electron 
gas. This software calculates the capacitance-voltage characteristics of an MOS 
capacitor considering the electron/hole distributions in both inversion and 































































accumulation. These distributions are calculated by solving Schrödinger’s and 
Poisson's equations self-consistently with the Fermi-Dirac distribution. 
 




The simulated C-V curve is under the Low frequencies condition revealing what 
are called quasi-static characteristics, whereas the experimental C-V curve under high 
frequency testing is more indicative of dynamic performance. Therefore, it is quite 
different for the simulated and experimental data in the low voltage region since the 
low frequency C-V characterization appears for the simulated C-V curve when the 
voltage is reduced. As to the slight deviation of the C-V curve from the ideal 
simulation ones in the accumulation region, it is believed that it was caused by gate 

































leakage and series resistance. We can extract some important information e.g. EOT 
and interface traps intensity from the differences of simulated and experimental data. 
3.4.3 Rapid thermal annealing effect on the electric properties 
Figure 3.12 shows the high-frequency (100 kHz) capacitance-voltage (C-V) after 
RTP in oxygen and nitrogen ambient at 800oC for 5min. The flat-band voltage of 
HfO2 film after RTP in dry N2 from the C-V curves is about 1.9 eV, about 0.7 eV shift 
in the direction of negative gate bias comparing with that of as-deposited film, 
indicating the decrease of oxide charges in film. 135-136 The dry O2 gas annealing at the 
same temperature caused transition toward more negative bias, with further reduction 
in oxide charges in the bulk of film. The corresponding trapped fixed charges of N 2 
RTP and O2 RTP films are negative and in the range of 2.45×10
13 and 1.75×1013 
states/cm2 respectively. It can be seen that the oxygen vacancies are the major defects 
inducing fixed oxide charges in the as-deposited oxide films.  
 
(a)                                                                (b) 
Figure 3.12 C-V characteristics of Ni/HfO2/SiC MOS capacitor after (a) N2 RTP and 
(b) O2 RTP with simulated C-V curves. 
 
 



























































In addition, it was found that the stretch-out of C-V curve for the as-deposited film 
is larger than that of N2 and O2 RTP C-V curve, implying the improved interface 
quality of HfO2/SiC after RTP.  
3.4.4 Conduction mechanisms in high-k gate dielectrics 
Figure 3.13 shows the I-V characteristics of as-deposited, N2 and O2 RTP HfO2 
films. The leakage current density for as-deposited, N2 and O2 RTP HfO2 films 
measured at +2.0 V is 8.5×10-2, 8.9×10-3 and 3.4×10-4A/cm2, respectively. It suggests 
that the predominant oxygen vacancies in oxygen-deficient as-deposited HfO2 
dielectrics are the major reason for the high leakage current. Rapid thermal Annealing 
in N2 at high temperature can fill part of oxygen vacancies in film, but there are still lots 
of vacancies left after RTA. It is worthy to note that RTP in O2 at high temperature can 
effectively fill the oxygen vacancies as defects.  
 












































It was found in Figure 3.13 that at very low electric fields, the current density 
increases approximately linearly with voltage, which means the samples display the 
ohmic behavior. This current would be due to the hopping conduction mechanism in a 
low electric field, because the thermal excitation of trapped electrons from one trap 
site to another dominates transport in the films. At intermediate and higher fields, the 
current densities are proportional to the square root of the applied electric field, which 
suggests that the leakage current density is limited by a different conduction 
mechanism from that in the low electric field region. 
The dominate conduction mechanism for the as-deposited HfO2 films is found to 
be due to Poole-Frenkel effect in the field range of 0.5-5.0 MV/cm. The mechanism 
identified in the RTP HfO2 are generally attributed to Schottky emission at medium 
field (1.0-5.0 MV/cm) or Poole-Frenkel effect for field higher than 5.0 MV/cm as 
shown in Figure 3.14. It may be concluded that there are two dominate conduction 
mechanisms in the medium field range for films with different technological history: 
bulk-limited Poole-Frenkel effect for the as-deposited and electrode-limited Schottky 
emission for the RTP HfO2 films. In the as-deposited HfO2 films the traps close to Ni-
HfO2 interface act as “stepping” sits for electrons and in this way facilitate their 
transport through the oxide, i.e. the electron injection from Ni into HfO 2 takes place 
by tunneling of electrons from Ni into traps and thus the conductivity is governed by 
Poole-Frenkel mechanism. The RTP treatment anneals electron traps within HfO2 and 
hence the electrons could not tunnel though them into the HfO2 conduction band. In 
this case, the electrons have acquire enough energy to accomplish Schottky emission 
above the barrier. Therefore, it appears that transition from Poole-Frenkel to Schottky 
emission can be realized effectively by means of appropriate technological steps.  





Figure 3.14 Leakage current density of HfO2 films in O2 RTP with EOT 2.4 nm. 
 
For the HfO2 gate dielectrics RTP in O2, we found all these three conduction 
mechanisms occurring and they were dominant in different electric field ranges as 
shown in Figure 3.14. These different types of conduction mechanism in different 
field strength have been observed by Campbell et al. in TiO2 systems.
137 
Schottky Emission The Schottky emission is a process in which the thermionic 
emission across the metal-insulator or insulator-semiconductor interface is responsible 
for carrier transport. The Schottky effect is the image-force-induced lowering of the 
potential energy from charge emission when electric field is applied. When an electric 
field exists at the interfaces, it interacts with the image force and lowers the potential 
barrier. The Schottky current is due to electrons that transit above the potential barrier 
at the surface of a metal or semiconductor. A current density-electric field relation for 
Schottky emission is given by the following equation: 
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According to the Schottky emission model, the I-V behavior in the 1.0-5.0 MV/cm 
field range is fitted with the linear relationship of ln(J) vs. E1/2 as required as shown in 
Figure 3.15 (a), indicating Schottky emission mechanism in the electric field range.  
Poole-Frenkel Emission The poole-frenkel effect (field assisted thermal ionization) 
is lowering of a coulombic potential barrier when the potential interacts with an 
electric field. As the electric field increase, the leakage current increases with the 
electric field, showing a linear relationship for ln(J/E) vs. E1/2. As the field-dependent 
behavior of Poole-Frenkel mechanism has the following form:  
       
              
   
     (3.3) 
The Poole-Frenkel plot of the leakage current behaviors is depicted in Figure 3.15 
(b). In the regime of electric field 5.0-12.0 MV/cm, a linear fit is observed, which 
indicates that the Poole-Frenkel may be the possible conduction mechanism in the 
leakage current. 
Tunnel or Field Emission Another break occurs in the slop of leakage current 
characteristic by further increasing the electric field above 12.0 MV/cm. The leakage 
current has a relationship with electric field as given by ln(J/E2) vs. 1/E as shown in 
Figure 3.15 (c), which can be described by Fowler-Nordheim tunneling process, as 
the leakage current of this mechanism gives the following equation:  
         
           
   
    
      (3.4) 
This mechanism is caused by field ionization of trapped electrons into the 
conduction band or by electrons tunneling from the metal Fermi energy into the 
insulator conduction band; it has the strongest dependence on the applied voltage but 
is essentially independent of the temperature.  
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           (c) 
 
Figure 3.15 The conduction mechanism in HfO2 films in O2 RTP with EOT 2.4 nm. 
The straight line is a linear scale. (a) Schottky emission; (b) Poole-Frenkel emission; 



























































Therefore, we think for the HfO2 gate dielectrics four types of conduction 
mechanisms took place under different field strength. At lower bias field, the 
conduction is dominated by a hoping mechanism. As the bias increased, the leakage 
current can be described by Schottky emission and Poole-Frenkel emission theories. 
Further increasing the gate bias, the conduction mechanism changed into Fowler-
Nordheim tunneling mechanism.  
3.5 Interface characterization of HfO2 dielectric on graphene formed 
on SiC 
Graphene has been intensively studied for applications in field-effect transistors 
(FETs) because of its extremely high mobility (up to 2×105 cm2/Vs) and ultrahigh 
thermal conductivity (up to 5300 W/mK) at room temperature that far exceed those of 
conventional semiconductors.138-142 Among the several currently available methods 
for growing graphene, epitaxial graphene formed upon annealing SiC at 1200-
1300oC143 is suitable for industry large area fabrication and is more compatible with 
traditional Si processing techniques for future applications. Field-effect transistors 
fabricated on epitaxial graphene on SiC substrate (graphene/SiC) have yielded 
mobility higher than 5000 cm2/Vs.144-145 However, in order to realize graphene-based 
devices, integration of a scalable gate dielectric on graphene with high dielectric 
constant is required. Unfortunately, the hydrophobic and chemically inert nature of 
the basal plane of graphene prohibits direct growth of high-k dielectric materials by 
atomic layer deposition (ALD).146 To date, the experiment studies on the deposition of 
gate dielectric thin film on graphene are still lacking. In this work, we report the 
growth of high-k gate dielectric thin film on graphene by using ultrahigh-vacuum dc 
sputtering and determination of band offsets as well as the thermal stability of HfO2 




and graphene/4H-SiC(0001) interface by using high resolution in situ x-ray 
photoemission spectroscopy. 
3.5.1 Growth and electronic properties of graphene on SiC 
The graphene samples used in this work were prepared by following process: 
annealing a chemically etched (10% HF solution) n-type 4H-SiC (0001) (CREE 
Research, Inc.) at 850oC under a silicon flux for 2min in ultrahigh vacuum resulting in 
a Si-rich 3×3-reconstrcted surface, and then annealed several times at 1300oC in the 
absence of the silicon flux, therefore, the self-organized of excess carbon atoms 
forming graphene.143,147-148 The structure of graphene was confirmed by in situ 
scanning tunneling microscopy (STM). 
Figure 3.16 shows high resolution 100×100 nm2 (left) and 10×10 nm2 (right) STM 
images (VT=1.5V and VT=-0.2V) of epitaxial graphene grown on the 4H-SiC(0001) 
substrate. The figure shows that monolayer and bilayer graphene coexist and the 
surface is fully covered by the honeycomb-like atomic structure of graphene with a 
modulated 6×6 periodicity.149  
 
Figure 3.16 High resolution 100×100 nm2 and 10×10 nm2 STM image of epitaxial 
graphene grown on 4H-SiC(0001) substrate.  




The C 1s core-level spectra for the epitaxial graphene on 4H-SiC(0001), recorded 
at photoelectron take-off angles of 30o and 90o, respectively, with respect to the 
sample surface are shown in Figure 3.17. The graphene surface was pretreated by 
annealing at 500oC under UHV condition to remove physisorbed species. The 
different take-off angles were used to vary the photoelectron penetration depth. 
Through curve fitting, we found three components in the C 1s spectra: a strong 
component (A) located at 284.5±0.2 eV and two weaker components (B, C) at 
285.3±0.2 and 283.4±0.2 eV, respectively. Peak A is related to graphene C 1s, while 
peak B is attributed to carbon atoms in the interfacial graphene (buffer layer), and 
peak C is a signature of Si-C bonds from the substrate.143 For the more surface 
sensitive take-off angle of 30o, the bulk-related SiC component at 283.4 eV is largely 
attenuated. 
 
Figure 3.17 C 1s core-level spectra for the epitaxial graphene on 4H-SiC(0001) 
measured at photoelectron take-off angles of 30o and 90o, respectively, with respect to 
the sample surface. 




3.5.2 Growth and band alignment of HfO2 dielectric on graphene and its 
thermal stability 
 Thin HfO2 films were grown on graphene by first introducing a thin Hf 
nucleation layer on the graphene surface using an UHV dc sputtering, before the Hf 
metal layer was completely oxidized in oxygen plasma with a partial pressure of 
1.5×10-3 Torr.150 Figure 3.18 shows the XPS spectra of the C 1s and Hf 4f for the as-
deposited, oxidized Hf on graphene/4H-SiC(0001), and thin HfO2 film (about 4nm) 
on graphene/4H-SiC(0001) after annealing at 650oC, respectively. 
 
Figure 3.18 XPS spectra of C 1s and Hf 4f for the (a) as-deposited, (b) oxidized Hf on 
graphene/4H-SiC(0001), and (c) thin HfO2 film on graphene/4H-SiC(0001) after 
annealing at 650oC. 
 




Here the C 1s spectra can be fitted with four components, A, B, C, and D, 
respectively. The binding energies of peaks A, B, and C are almost the same as those 
in the C 1s spectra of epitaxial graphene on 4H-SiC(0001), and thus they have the 
same origins. The new peak D located at 282.3 eV, as shown in Figure 3.18 (a), 
appears only after the deposition of Hf metal on the annealed surface of graphene by 
dc sputtering at room temperature, and its origin is the Hf-C bonds formed.151 
However, after oxidation of the metallic Hf layer by oxygen plasma at a partial 
pressure of 1.5×10-3 Torr at 300oC, peak D disappears as shown in Figure 3.18 (b). 
This is attributed to formation of Hf-O and C-O bonds. Due to higher affinity of O 
atoms, Hf-O and C-O bonds form during the oxidation process at the expense of the 
weaker Hf-C bonds. However, the peak corresponding to C-O bond which is expected 
to be around 286 eV cannot be seen in the C 1s spectra. This could be a result of 
diffusion of COx out of the sample during high temperature oxidation. Meanwhile, the 
Hf 4f peak in Figure 3.18 (b) indicates that the sample is fully oxidized since the Hf 4f 
metal peak in Figure 3.18 (a) is absent.  
It is noted that peak A which corresponds to graphene-related C 1s component has 
a red shift of 0.7 eV after deposition and subsequent oxidation of Hf. This can be 
explained by charge transfer at the HfO2/graphene interface. This process is illustrated 
by the schematic energy diagram in Figure 3.19. 





Figure 3.19 Schematic energy diagram for interfacial charge transfer process. 
It is known that the charge neutrality level (CNL) of HfO2 is at 3.7 eV, its electron 
affinity (EA) is 2.4 eV, and its band-gap is about 6.0 eV.63 Based on these information, 
one can easily work out the energy difference between CNL and vacuum level which 
is 4.7 eV. On the other hand, the work function (WF) of graphene is 4.0 eV.152 This 
results in a significant potential difference (0.7 eV) across the HfO2/graphene 
interface, as shown in Figure 3.19. Electrons thus transfer from graphene to HfO2 
rather than in bulk SiC as maybe the CNL of SiC is close to the WF of graphene. This 
results in an upward band bending in graphene due to increased hole concentration.  It 
is noted that similar charge transfer has been observed at the F4-TCNQ/graphene 
interface.152  
Up on thermal annealing at 650oC, both the C 1s and Hf 4f spectra show little 
changes and all peaks remain essentially the same as that before the thermal treatment, 
as shown in Figure 3.18 (c). Compared with HfO2 film directly deposited on a typical 




semiconductor, Si, where high-temperature vacuum annealing in the same conditions 
resulted in significant formation of Hf silicide, results of the present study show that 
HfO2 on graphene/4H-SiC(0001) has good thermal stability and therefore it is 
promising for applications in high temperature FET devices.  
Figure 3.20 shows the valence band and Si 2p photoelectron spectra of the  
pretreatment annealed graphene/4H-SiC(0001) at 500oC, the as-deposited and the 
oxidized Hf on graphene/4H-SiC(0001), and HfO2 film grown on graphene/4H-
SiC(0001) after annealing at 650oC, respectively.  
 
Figure 3.20 The valence band and Si 2p photoelectron spectra of (a) pretreatment 
annealed graphene/4H-SiC(0001) at 500oC, (b) as-deposited, (c) oxidized Hf on 
graphene/4H-SiC(0001), and (d) thin HfO2 film on graphene/4H-SiC(0001) after 
annealing at 650oC. 
 












































Based on the assumption that the energy difference between the core level and 
valence-band edge of the substrate remains constant before and after deposition of the 
dielectric films, the valence band offset of HfO2 thin film relative to 4H-SiC(0001) 
substrate with graphene layer was determined using Si 2p at 101.55 eV as reference. 
In Figure 3.20 (a), the valence band edge of pretreatment annealed graphene/4H-SiC 
(0001) is located at 2.34 eV. The energy difference between the valence band edge 
and the Si 2p core level peak was measured to be 99.21 eV. This value is almost the 
same as that for bare 4H-SiC substrate (99.07 eV).55 In addition, when the Si 2p peak 
from bare 4H-SiC substrate is aligned with that of graphene/4H-SiC(0001) substrate, 
it was found that the values of the valence band edge of bare 4H-SiC and 
graphene/4H-SiC(0001) substrate are almost the same. Since XPS measurement is 
rather bulk sensitive, the valence band of graphene/4H-SiC(0001) is dominated by 
electronic states of bulk SiC. For HfO2 grown on graphene/4H-SiC(0001), the valence 
band edge is located at 3.71 eV, as shown in Figure 3.20 (c). Therefore, by directly 
subtracting the two aligned valence band edges from the substrates and thin films, the 
VBO of HfO2 on graphene/4H-SiC(0001) is obtained which is 1.37±0.05 eV. This 
value is also almost the same as that of HfO2 on bare 4H-SiC substrate.
55 Considering 
the smaller band-gap of graphene which is located within the band-gap of 4H-SiC, 
both n- and p-type barrier heights between HfO2 and graphene will be even larger 
compared to that of HfO2 on 4H-SiC substrate, which is sufficient to minimize the 
possible leakage current. Therefore, HfO2 can be expected to be a suitable gate 
dielectric in graphene-based field-effect transistors. Furthermore, it was found that the 
full width at half maximum of the Si 2p spectra of graphene/4H-SiC is 1.15 eV, which 
is the same as that of the Si 2p peak of bare 4H-SiC substrate, indicating non-




existence of possible new chemical states in the SiC substrate. However, a very small 
Si 2p shoulder corresponding to Si-O bonds does appear at about 103.3 eV after HfO2 
grown on graphene/4H-SiC(0001). This is due to the interface oxidation of SiC 
underneath the graphene. After thermal annealing at 650oC, there is no further change 
in the Si 2p peak except that the shoulder corresponding to Si-O becomes more 
distinct as shown in Figure 3.20 (d), which is a result of diffusion of O atoms into the 
substrate. The detailed mechanism of this feature is not yet clear and is under 
investigation. But from the device application point of view, the formation of Si-O 
bonds is beneficial for minimizing effect of the SiC substrate on graphene. Thereby 
electrons underneath the high-k oxide can be confined in the thin graphene layer as 
pure 2-D electron gas with high mobility. The valence band edge for HfO2 on 
graphene/4H-SiC(0001) after annealing at 650oC shifts upward to 4.03 eV as shown 
in Figure 3.20 (d), which is owing to the improved crystal lattice structure of HfO2 
film with less vacancies and other defects than the as-grown thin film without thermal 
treatment. 129 
3.6 Summary 
In summary, we have investigated the interface stability and band offsets at the 
interfaces of HfO2/SiC and the effect of nitrogen on the electronic structures and 
thermal stability of HfO2 film by using in situ x-ray photoemission spectroscopy. It 
was found that the conduction-band and valence-band offsets for pure HfO2 on 4H-
SiC are all over 1.0 eV, which is sufficient barrier height to inhibit current leakage. In 
addition, atomic N doping leads to the reduction of band-gap and band offsets for gate 
dielectric, but post-annealing can help to increase the band gap and band offsets of 
nitrided dielectric film. Therefore, HfO2 can have enough injection barriers to be a 




promising high-k gate dielectric on SiC for high-temperature, high-power and high-
frequency applications.  
We also have studied the formation of HfO2 dielectrics on epitaxial graphene on 
SiC substrate. Stoichiometric HfO2 dielectrics of good quality have been successfully 
grown on graphene/4H-SiC (0001) substrate by using plasma oxygen source during 
dc sputtering. The graphene maintains stable structure before and after deposition of 
the high-k oxide. HfO2/graphene interface is thermally stable up to 650 
oC in ultrahigh 
vacuum. The high thermal stability and sufficient barrier heights between HfO2 and 
graphene indicate that high-k dielectric grown on graphene is very promising for the 
development of graphene-based electronic devices.  




4. Chapter Four 
High-k dielectrics/GaN interfaces 
4.1 Introduction 
Besides SiC, another promising wide band-gap semiconductor is Gallium nitride 
(GaN). Excellent device performances and reliability have been demonstrated in the 
conventional Schottky gate AlGaN/GaN-based high electron mobility transistors 
(HEMTs). However, large leakage current from the Schottky gate hinders the further 
development of GaN-based HEMTs. Currently, GaN-based metal-oxide-
semiconductor field-effect-transistors have attracted great attention because of their 
lower leakage currents, greater voltage swing, simplification of circuit design and 
reduced power consumption, as compared with GaN-based high electron mobility 
transistors.153-156 Several high-k dielectrics have been investigated as possible gate 
oxides for GaN-based MOSFET device, including Ga2O3,
157-159 Sc2O3,
160-161 Gd2O3 
158,162-163and MgO.164 In particular, HfO2, having a high dielectric constant, wide 
band-gap, good thermal stability, and low interface density, has shown to be 
promising as the high-k gate insulators in GaN-based MOSFETs.165-167  
However, the band alignment at high-k/GaN interfaces is also an important issue 
for integrating a high-k gate dielectric in GaN-based devices because GaN is a wide 
band-gap semiconductor (3.39 eV) and the high-k oxides typically have modest band 
gap in the range of 5-6 eV, which may result in a large leakage current because of 
insufficient barrier height. This is because the energy band alignment at HfO2/GaN 
interfaces defines the carrier transport or confinement properties for the field effect 




devices. Therefore, the understanding of band alignment at semiconductor-dielectric 
interface is required for the optimization of overall performance of HfO2 on GaN 
MOS devices. In this chapter, the valence band offsets and conduction band offsets 
for HfO2 on n- and p-type GaN systems have been investigated by using in-situ x-ray 
photoelectron spectroscopy. Then, Ni/HfO2/GaN MOS capacitors have been 
fabricated and the electrical properties of these MOS capacitors have been 
investigated by applying a varying voltage between the metal and substrate. 
4.2 Surface passivation of GaN 
GaN (n- and p-type) samples were grown on sapphire substrates by chemical 
vapor deposition. The doping concentration of GaN is in the range of 2×1018 to 4×
1019 cm-3. Then the combination of ex situ and in situ cleaning of GaN surfaces was 
conducted to remove surface contaminants. The GaN samples were first cleaned in 
acetone baths for 5 minutes, followed by immersion into 10% HCl for 10 minutes. In 
situ cleaning of GaN samples were achieved by 10 minute plasma nitrogen sputtering 
and 25 minute annealing at 700oC. This surface treatment method has produced GaN 
surface free of carbon and oxygen contamination which have already been proved by 
several group.168-172 In our experiment, XPS spectra show that the oxygen and carbon 
intensities were under detection limit revealing a surface without contaminants. 
Figure 4.1 (a) shows the Ga 3d core level and valence band spectra of as-grown and 
surface cleaned n-type GaN. It was found that the valence band maximum (VBM) of 
the as-grown n-type GaN is at 2.78 eV below the Femi level, while the VBM of the n-
type GaN with ex situ and in situ preparation is at 2.51 eV below the Femi level which 
is in good agreement with the value (2.4 eV) reported by Bermudez et al.171 The 




difference in the VBMs of the as-grown and the cleaned n-type GaN surfaces is 0.27 







Figure 4.1 The valence band and core level Ga 3d photoelectron spectra of (a) as-
grown and surface cleaned n-type GaN (b) as-grown and surface cleaned p-type GaN. 
































































For p-type GaN, similar phenomenon were found as shown in Figure 4.1 (b), the 
VBM of the as-grown p-type GaN is at 1.65 eV below the Femi level which is in good 
agreement with the value reported by Petravic et al.173 and Bermudez et al.174, and the 
VBM of p-type GaN with ex situ and in situ preparation is at 0.75 eV below the Femi 
level. The difference in the VBMs of the as-grown and the cleaned n-type GaN 
surfaces is 0.9 eV. 
Figure 4.2 schematically shows the change of band diagram before and after the 
surface treatment. The position of the VBM on the GaN surface bombarded with 
nitrogen ions indicates smaller downward band bending than the VBM on as-grown 
GaN surface, which might be due to the migration of surface nitrogen atoms from 
their original crystalline sites to interstitial positions after nitrogen bombardment, 
creating N rich surfaces.175 
 
Figure 4.2 Schematics of the band diagram of the as-grown GaN surface and surface 
bombarded with nitrogen plasma. 
 




4.3 Interface characterization of HfO2/GaN stacks 
After surface treatment of GaN,  HfO2 films were deposited on GaN substrates by 
sputtering pure Hf metal in oxygen plasma at 350oC with a partial pressure of 1.7×
10-3 Torr, followed by post-annealing at 700oC for 10 minutes by resistive heating. 
Six samples, bulk GaN (n-and p-type), thin HfO2 films (~4nm) on n- and p-type GaN, 
and thick HfO2 films (~10 nm) on n- and p-type GaN, were prepared and were in-situ 
transferred into the XPS analysis chamber with a background pressure of 1×10-10 
Torr without breaking the vacuum. All XPS measurements were performed using a 
VG ESCALAB 220i-XL instrument (base pressure lower than 10-10 mbar), equipped 
with a monochromatic Al Kα (1486.7 eV) X-ray source. All the spectra were obtained 
in the constant pass energy mode with pass energy of 10 eV to increase the energy 
resolution. Survey spectra were recorded with pass energy of 150 eV at 1 eV step 
width. The binding energy scale was calibrated with pure Au, Ag, and Cu by setting 
the Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 at binding energies of 83.98, 368.26, and 932.67 
eV, respectively. A concentric hemispherical energy analyzer and a magnetic 
immersion lens (XL Lens) are used to maximize the signal. An electron shower was 
used to compensate for charge effects. The electron flux was adjusted to a value for 
slight over-compensation of the positive charging on the sample surface to minimize 
peak broadening induced by unstable or lateral differential charging. 
4.3.1 Band alignment at HfO2/GaN interfaces  
Figure 4.3 shows the Ga 3d and Hf 4f core levels and valence band spectra of bare 
n-type GaN after N bombardment, a thin HfO2 film grown on n-type GaN substrate 
and a thick HfO2 film on n-type GaN substrate, respectively.  





Figure 4.3 The Ga 3d and Hf 4f core level and valence band spectra of bare n-type 
GaN, a thin HfO2 film grown on n-type GaN substrate and a thick HfO2 film on n-
type GaN substrate. 
 
In order to measure the band alignment at the HfO2/n-type GaN interface, a thin 
HfO2 film was grown on n-type GaN substrate. Since the penetration depth of x-ray 
photoelectron with energy of 1486.6 eV can be up to ~10 nm, the signals from both 
the thin film and buried substrate can be seen from photoemission spectra 
simultaneously. The valence and conduction band discontinuities were determined by 
using method proposed by Kraut et al.,52 which is based on the assumption that the 
energy difference between core level and valence band edge of substrate remains 
constant with/without the deposition of dielectric films.51-52 This assumption is given 
that finite charge distribution gives rise only to local potential variations. Such 
 








































potential variations lead to band bending and changes in the core level by the same 
amount. Therefore, only the core level shift of the heterojunction is needed to 
determine the difference between the valence band maxima of the two materials. In 
this work, Ga 3d and Hf 4f7/2 were chosen as the reference to determine the energy 
band alignment.  
In Figure 4.3 (a), the valence band edge of cleaned n-type GaN substrate is located 
at 2.51 eV, as determined by using linear extrapolation method that is the intersection 
of linear fits to the leading edge of the valence band spectra and the background. The 
energy difference between the valence band edge and the Ga 3d core level peak was 
measured to be 17.69±0.05 eV for n-type GaN substrate, which is in good agreement 
with the value reported previously.165,176-177 Similarly, the energy difference between 
the valence band edge and the Hf 4f7/2 energy position was measured to be 13.77±
0.05 eV for HfO2 surface as shown in Figure 4.3 (c). For the HfO2/n-type GaN 
heterojunctions, the Ga 3d peak from substrate is aligned to the same position as that 
of the n-type GaN substrate, and the valence band edge of HfO2/n-type GaN was 
determined to be 3.45 eV as shown in Figure 4.3 (b). The energy difference between 
Ga 3d and Hf 4f7/2 was determined to be 2.7±0.05 eV for the HfO2/n-type GaN. 
Therefore, the valence band offset     for the HfO2/n-type GaN is 1.22±0.05 eV by 
using the equation: 
   
             
            
                   
                     
             (4.1) 
where   
      and     
        are the core levels of the initially cleaned GaN and the 
deposited HfO2 oxide, and     is the measured VBM of the initial cleaned GaN and 
the deposited HfO2 oxide. It is noticed that if the relevant energy differences in Eq. 




4.1 can be accurately measured, the VBO can be exactly determined and it would be 
independent of any interface properties, such as charge transfer, interfacial chemical 
dipoles or interface defects. Another method to determine the VBO is the “one-step” 
method, which is directly subtracting two aligned valence band edges from the 
substrates and thin films as shown in Figure 4.3. It can be seen that the value of 0.94 
eV±0.05 eV obtained by the “one-step” method is smaller than the value of 1.22 eV
±0.05 eV obtained by Eq. 4.1. This discrepancy may be attributed to the interface 
property that is not taken into account in the method proposed by Kraut et al., which 
only considers the bulk properties. More importantly, both of the values above are 
obtained from XPS measurements, but the value of 0.94 eV is more reliable than the 
value of 1.22 eV obtained by Eq. 4.1 because the method based on Eq. 4.1 averages 
the photoelectron signal over many atomic layers from the thick HfO2, which 
overwhelms the contribution of interfacial chemical dipoles or interface defects to the 
valence band maximum.178 However, in this case, the O 2p of HfO2 forms the valence 
band while the substrate has insignificant contribution to the valence band edge, so 
the “one-step” method of determination is expected to be more accurate.56 Therefore, 
the discrepancy of 0.28 eV in VBO shows that the band offset at the HfO2/GaN 
heterojunction can be altered by changing the interface electrostatic potential and it is 
necessary to include the interfacial region into the calculation of band offsets. Using 
the values of 5.8 eV and 3.2 eV for the band-gaps of HfO2 (  
     ) and GaN (  
    ), 
respectively, the conduction band offset    
           of HfO2/n-type GaN can be 
calculated by simply subtracting the valence band offset and the energy gap of the 
substrate from the band-gap of GaN, which gives a value of 1.66±0.05 eV for the 
CBO. Therefore, the conduction-band offset of HfO2/n-type GaN is larger than 1 eV, 




which is considered to be high enough to confine electrons to reduce tunneling current. 
This value is slightly larger than the value (1.1 eV) of theoretical calculation by 
Robertson et al.63 Because the later is based on the CNL model which takes only the 
bulk properties of HfO2 and GaN into consideration, the discrepancy between our 
measured band offset and the calculated one might be due to other factors that were 
not included in the theoretical modeling, such as specific interface bonds.  
Figure 4.4 shows the Ga 3d and Hf 4f core levels and valence band spectra of bare 
p-type GaN, a thin HfO2 film grown on p-type GaN substrate and a thick HfO2 film 
on p-type GaN substrate, respectively.  
 
Figure 4.4 The core level Ga 3d and Hf 4f and valence band spectra of bare p-type 
GaN, a thin HfO2 film grown on p-type GaN substrate and a thick HfO2 film on p-
type GaN substrate. 
 
 







































For HfO2/p-type GaN, the same method as described above was used to determine 
the valence and conduction band offsets. The Ga 3d and Hf 4f7/2 core levels, measured 
to be 18.9 eV and 15.8 eV, respectively, were used as reference, and the valence band 
edge of the p-type GaN substrate was determined to be 0.75 eV as shown in Figure 
4.4 (a). It is obvious that the energy difference between the Ga 3d and the leading 
edge of p-type GaN valence band spectra is 18.15 ±0.05 eV. For the thick HfO2 film 
on p-type GaN, the leading edge of its valence band is 1.91 eV as shown in Figure 4.4 
(c). The energy difference between the valence band edge and the Hf 4f7/2 energy 
position was calculated to be 13.89±0.05 eV for HfO2 surface. The energy difference 
between Ga 3d and Hf 4f7/2 was determined to be 3.10±0.05 eV for the HfO2/p-type 
GaN interface. Therefore, the valence band offset     for the HfO2/p-type GaN is 
1.16 eV±0.05 by using the Eq. 4.1. Similarly, this value of 1.16 eV is also larger than 
the value 1.08 eV±0.05 eV obtained by the “one-step” method. And following the 
same argument in the HfO2/n-type GaN case, we believe that the value of 1.08 eV is 
more accurate than the value of 1.16 eV obtained by Eq. 4.1. Therefore, the 
conduction band offset    
           for HfO2/p-type GaN can be calculated as 1.52
±0.05 eV by using the same method as above.  
Schematic diagram of the energy band alignment for the HfO2/n-type GaN and 
HfO2/p-type GaN systems are shown in Figure 4.5. Since both the valence-band offset 
and conduction-band offset of HfO2/p-type GaN are larger than 1 eV, the carrier 
thermionic emission can be kept at a tolerably low level to ensure a substantially low 
leakage current which is desirable for applications of GaN-based electronic devices at 
high temperature. 





Figure 4.5 Energy-band alignment for HfO2 grown on n-type and p-type GaN. 
4.3.2 Post-thermal annealing  
The thin HfO2 films on n-type and p-type GaN samples were in situ post-annealed 
at temperature of 700oC by resistive heating in the analysis chamber of XPS. It can be 
seen clearly from Figure 4.6 (a) that the value of leading edge of valence band 
spectrum of the thin HfO2 film on the n-type GaN substrate shifts from 3.45 eV to 
2.98 eV after post-annealing treatment. Therefore, the valence band offset can be 
calculated to be 0.47 eV after the 700oC annealing. The same phenomenon can be 
seen for the thin HfO2 film on p-type GaN substrate. The value of leading edge of 
valence band spectrum of the thin HfO2 film on the p-type GaN substrate shifts from 
1.83 eV to 1.21 eV after post-annealing treatment as shown in Figure 4.6 (b), which 
may be due to the change of the interface structure to modify the interface dipole. And 
the valence band offset can be calculated to be 0.46 eV after 700oC annealing.  
This result suggests that high temperature thermal annealing of hafnium oxide 
film significantly affects the electronic properties at the HfO2/GaN interface, and 
























Figure 4.6 The Ga 3d and Hf 4f core level and valence band spectra of (a) HfO2/n-
GaN and (b) HfO2/p-GaN after annealing at 700
oC. 
 
4.4 Electrical characterization of Ni/HfO2/GaN MOS capacitors 
In the past few years, the study of high-k gate dielectrics on Si and GaAs has 
shown excellent results such as low gate leakages, low density of interfacial states and 
smooth oxide/semiconductor interfaces. However, the researches on the high-k oxide 
on GaN are still rare and have not reached the level of electrical properties mentioned 




MgO164 have been investigated for GaN-based MOSFETs. HfO2 is now a promising 
material for the high-k gate dielectric technology.55-56,58,129,150,167 Moreover, no 




research on the both n- and p- type GaN MOS capacitors with sputtered HfO2 as an 
oxide has been presented.  
In this research, we studies capacitance and current properties responding to the 
variation of bias voltage of Ni/HfO2/GaN (n- and p-type) MOS gate stacks in 
comparison with these of gate stacks after rapid thermal process in nitrogen and 
oxygen ambient.  
4.4.1 MOS fabrication process and measurement setup 
All MOS capacitors were fabricated on GaN epitaxial layers grown by chemical-
vapor deposition on sapphire substrates. The doping concentration of GaN is in the 
range of 2×1018 to 4×1019 cm-3. The carrier concentration for n- and p-type GaN are 
1.5×1018 cm-3 and 5×1017 cm-3 respectively. The substrates were first cleaned in 
acetone baths for 5 minutes, followed by immersion into 10% HCl for 10 minutes. 
Then the HfO2 dielectric layers were deposited on GaN substrates by reactive 
sputtering at 300oC with a base vacuum of 2.5×10−3 mbar.  The as-deposited HfO2 
was treated by postdeposition anneal in N2 and O2 ambient at 800
oC for 5min by rapid 
thermal annealing. The flow rate for N2 and O2 is 8 SCCM. Nickel was electron-beam 
evaporated through a shadow mask on the HfO2 dielectrics to provide dot gate 
electrodes. Low resistance ohmic contact was made by using Ni metal on the back 
side of the wafers. Capacitance-voltage (C-V) and current-voltage (I-V) characteristics 
were performed at room temperature using an Agilent 4284A LCR and Hewlett-








4.4.2 Frequency dependence of electrical properties 
Ni/HfO2/n-type GaN MOS capacitors 
Figure 4.7 shows the frequency dispersion of capacitance-voltage (C-V) 
characteristics of Ni/HfO2/n-type GaN MOS capacitors. The C-V curve flattens out as 
we apply a larger positive bias.  
 
Figure 4.7 Capacitance-voltage (C-V) curves of Ni/HfO2/n-GaN MOS capacitors. 
This measured capacitance increases with decreasing frequency and saturates at 
Cox with increasing voltage. The frequency dispersion of the C-V characteristics is due 
to the formation of an inhomogeneous layer at the semiconductor-oxide interface. 
Since the capacitance of such a layer acts in series with the oxide capacitance, it will 
cause frequency dispersion in the accumulation region. The C-V curves “stretched out” 
along the voltage axis, indicating a high interface trap density which occupying a 
portion of the semiconductor band-gap. The effect of Qit on C-V is more complicated. 
These charges are located close to the insulator-semiconductor interface and have 
energy state very close to the EF of variation range of the semiconductor. They are 

































charges with the semiconductor in a short time. They not only shift the C-V curve but 
stretch them out, because the interface state occupancy varies with the gate bias 
voltage. 
Figure 4.8 (a) shows the high frequency C-V measurement of Ni/HfO2/n-type GaN 
MOS capacitors in different sweep direction at 100 kHz. The sweep direction induced 
total hysteresis at the flat-band is found to be about 0.15 V. This hysteresis may be 
due to the charge exchange between the deep interface states and the bulk GaN.179-180 
The flat-band voltage is obtained from the C-V curve by using Nicollian and Brews 
flat-band method.181 The capacitance of n-GaN surface under the flat-band condition 
is expressed as      
      
  
   where     
         
    
      is the extrinsic 
Debye length;      is the permittivity of GaN; kB  is the Boltzmann constant; T is the 
absolute temperature; e is the electronic charge, and    is the doping concentration. 
The flat-band capacitance     can be calculated by substituting      into the series 
capacitance relationship: 
 
   
 
 
   
 
 
    
, where     is the maximum oxide 
capacitance (accumulation capacitance). Thus, the flat-band voltage of as-deposited 
HfO2 film from the C-V curves is about 2.6 eV. Fixed oxide charge density (    ) 
can be calculated using the following equation: 
  
   
            
   , 
where     is the maximum accumulation capacitance measured, A is the area of the 
device,      is the work function difference between the metal and semiconductor 
and      is the flat-band volatage of the measured C-V curve.      can be calculated 
by:           
       
  
      
  
  
  , where   is the electron affinity of GaN, 




       is the bandgap of GaN,    is the acceptor concentration,    is the intrinsic 
carrier concentration,    is the thermal voltage. Therefore, the corresponding trapped 
fixed charges are negative and about 3.04 1013 states/cm2. The equivalent oxide 
thickness was extracted by fitting the measured C-V curve with the simulated C-V 
curve including the quantum mechanical effects, as shown in Figure 4.8 (b). The 
value of EOT is 2.83 nm.  Furthermore, from the C-V curve the interface trap density 
is low, roughly ~1012 cm-2 eV-1. This value is at same level as that of Ga2O3/n-GaN 
MOS capacitors reported by Y. Nakano et. al.182 
 
Figure 4.8 (a) Hysteresis characteristics of Ni/HfO2/n-GaN gate stacks at 100 kHz (b) 
C-V characteristics of Ni/HfO2/n-GaN MOS capacitor with simulated  C-V curve. 
 
 
Ni/HfO2/p-type GaN MOS capacitors 
Figure 4.9 (a) shows the high frequency C-V measurement and simulated C-V 
curve of Ni/HfO2/p-type GaN MOS capacitors at 100 kHz. It was found that the 
measured C-V curves present a large deviation from the simulation C-V curve in the 
depletion region. This phenomenon indicates possible surface inversion which results 
in the capacitance saturation on the high-frequency C-V characteristics, similar to 
































































silicon MOS capacitors. This behavior is likely to show both deep depletion and 
surface inversion features in the depletion region. A similar observation on the p-GaN 
MOS capacitors was reported by Y. Nakano et. al.183 and W. Huang et. al.184 They 
observed the surface inversion may result from characteristics of the thermally grown 
Ga2O3/p-GaN interface. But the mechanism is still not so clear and under 
investigation. The same method as described above was used to determine the flat-
band voltage of as-deposited HfO2 film on p-GaN from the C-V curves is about -0.68 
V and the corresponding trapped fixed charges are negative and about 1.97  1012 
states/cm2. The equivalent oxide thickness was extracted by fitting the measured C-V 
curve with the simulated C-V curve including the quantum mechanical effects. The 
value of EOT is 3.16 nm. Figure 4.9 (b) shows the high frequency C-V measurement 
of different sweep direction at 100 kHz. It was observed that very small hysteresis 
with sweeping biasing voltages, indicating few unstable-trapped charges in the 
dielectric film. 
 
Figure 4.9 (a) Capacitance-voltage(C-V) curves of Ni/HfO2/p-GaN MOS capacitors 
with simulated C-V curve (b) hysteresis characteristics of Ni/HfO2/p-GaN gate stacks 
at 100 kHz.  
 































































4.4.3 Rapid thermal annealing effect on the electric properties 
Ni/HfO2/n-type GaN MOS capacitors 
Figure 4.10 shows the high-frequency (100 kHz) capacitance-voltage (C-V) 
measurement of Ni/HfO2/n-type GaN MOS capacitors after RTP in oxygen and 
nitrogen ambient at 800oC for 5min. The flat-band voltage of HfO2 film after RTP in 
dry N2 from the C-V curves is about 2.2 V, about 0.4 V shift in the direction of 
negative gate bias comparing with that of as-deposited film, indicating the decrease of 
oxide charges in film.135-136 The dry O2 gas annealing at the same temperature caused 
transition toward more negative bias, with further reduction in oxide charges in the 
bulk of film. The corresponding trapped fixed charges of N2 RTP and O2 RTP films 
are negative and in the range of 2.83×1013 and 1.24×1013 states/cm2 respectively. It 
can be seen that the oxygen vacancies are the major defects inducing oxide fixed 
oxide charges in the as-deposited films.  
 
Figure 4.10 C-V characteristics of Ni/HfO2/n-GaN MOS capacitor after (a) N2 RTP 
and (b) O2 RTP. 
 
In addition, it was found that the stretch-out of C-V curve for the as-deposited film 
is larger than that of N2 and O2 RTP C-V curve, implying the improved interface 
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quality of HfO2/n-GaN after RTP. The C-V curve appears to be more stretched out for 
the sample after N2 annealing, which is maybe due to the N rich surface of GaN, 
causing more defects like N interstitials. 
Ni/HfO2/p-type GaN MOS capacitors 
Figure 4.11 (a) and (b) show the high-frequency (100 kHz) capacitance-voltage 
measurement of Ni/HfO2/p-type GaN MOS capacitors after RTP in nitrogen and 
oxygen ambient at 800oC for 5min. 
 
Figure 4.11 C-V characteristics of Ni/HfO2/p-GaN MOS capacitor after (a) N2 RTP 
and (b) O2 RTP.  
 
The flat-band voltage of HfO2 film after RTP in dry N2 and O2 from the C-V 
curves is about -0.5 V and -0.38 V, shifting in the direction of positive gate bias 
comparing with that of as-deposited film. This situation is similar with that of 
Ni/HfO2/n-type GaN MOS capacitors after RTP in N2 and O2, indicating the decrease 
of oxide charges in film.  
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4.4.4 Current conduction mechanism 
Figure 4.12 (a) shows the I-V characteristics of as-deposited, N2 and O2 RTP HfO2 
films on n-GaN. Asymmetrical characteristics of I-V curves under the forward and 
reverse biases were obtained. The leakage current density for as-deposited, N2 and O2 
RTP HfO2 films on n-GaN measured at +2.0 V is 5.5×10
-6, 4.9×10-7 and 1.0×10-8 
A/cm2, respectively.  
 
Figure 4.12 Leakage current characteristics of as-deposited, N2 and O2 RTP HfO2 
gate stacks on (a) n-type GaN and (b) p-type GaN. 
 
Figure 4.12 (b) shows the I-V characteristics of as-deposited, N2 and O2 RTP HfO2 
films on p-GaN. Asymmetrical characteristics of I-V curves also can be observed 
under the forward and reverse biases. The leakage current density for as-deposited, N2 
and O2 RTP HfO2 films on p-GaN measured at +2.0 V is 1.3 ×10
-5, 1.1×10-7 and 1.4 
×10-8A/cm2, respectively. It suggests that the predominant oxygen vacancies in 
oxygen-deficient as-deposited HfO2 dielectrics are the major reason for the high 
leakage current. The leakage current densities in the reverse bias are lower even at 




high electrical field, which may be attributed to extremely low minority carriers 
available.   
4.5 Summary 
In conclusion, we have investigated the growth of HfO2 film on n- and p-type 
GaN and determination of band offsets at the interfaces of HfO2/GaN by using in-situ 
x-ray photoemission spectroscopy. The combination of ex situ and in situ cleaning of 
GaN surfaces was conducted to remove surface contaminations. The valence- and 
conduction-band offsets of HfO2/n-type GaN hetero-structure are 0.94±0.05 eV and 
1.66±0.05 eV, respectively. For HfO2/p-type GaN interface, the valence- and 
conduction-band offsets are determined to be 1.08±0.05 eV and 1.52±0.05 eV. In 
addition, rapid thermal annealing of Ni/HfO2/n- and p-type GaN in nitrogen and 
oxygen ambient can help to reduce the leakage current and fixed oxide charges. This 
work implies that HfO2 is a promising high-k gate dielectric in the new generation 








5. Chapter Five 
High-k dielectrics/ZnO interfaces 
5.1 Introduction 
  Transparent thin film transistor (TFT) has attracted considerable attention 
recently due to its potential applications in transparent and flexible electronic devices. 
Among various possible materials for the new generation TFT, zinc oxide (ZnO) is 
considered to be a promising semiconductor for such applications because of its direct 
wide band-gap of 3.37 eV, high carrier mobility, and low temperature synthesis 
process.185-190 However, choosing a suitable gate dielectric becomes a critical issue to 
significantly improve the on/off ratio and to decrease the operating voltage of ZnO-
TFT. Much attention has been paid to high-k oxide, such as HfO2
191-192 and ZrO2.  
Yittria-stabilized ZrO2 (YSZ), which has excellent dielectric properties for 
replacing traditional SiO2, not only can be used as high-k gate dielectric layer for 
ZnO-based transparent thin film transistors but also a desirable substrate for single 
crystal ZnO thin film growth because of its excellent thermal stability and lattice 
match for ZnO(001)//YSZ(111) planes.34-35,193-194 Besides ZrO2, HfO2 dielectric thin 
films may also meet the requirements for high thermal stability and low leakage 
current applications.150,195 By integrating high-k HfO2 and ZrO2 with ZnO-based TFT 
devices with high mobility, high on-to-off ratio, low operating voltage and low 
leakage current can be expected. 
Because both of  HfO2 and ZrO2 have a modest band-gap as an insulator and ZnO 
is a wide band-gap semiconductor (3.37 eV), the valence and conduction band offsets 




are critical parameters to determine the performance of TFT and need to be well 
understood and should be exactly controlled, as insufficient band offsets may result in 
large leakage current. Band offsets of high-k/ZnO system have been studied by 
Robertson et al. using method based on classic charge neutrality level theory,196 
which provides some useful information but does not include one important aspect, i.e. 
the effect of interface structure. Understanding the atomic and electronic structure at 
the interface is very important for controlling the band alignment at the interface. 
However, to date experimental studies on the band offsets of high-k/ZnO interface are 
still lacking. Therefore, we have carried out experimental and theoretical studies on 
the structure and properties of HfO2/ZnO and ZrO2/ZnO interfaces. In this chapter, we 
report the determination of band offsets of HfO2 and ZnO (0001) interface by using 
high resolution in-situ x-ray photoemission spectroscopy. We also study the atomic 
structures and band alignment at ZnO and high-k gate dielectric ZrO2 interface by 
applying characterization techniques and first-principles calculations. Furthmore, 
since the most significant obstacle to the widespread use of ZnO-based optoelectronic 
devices is due to the difficulty in p-type doping, the effect of nitrogen incorporation 
on the electronic structure and thermal stability of N-doped ZnO films have been 
investigated by using in-situ x-ray photoelectron spectroscopy and first-principles 
calculation. 
5.2 Interface characterization of HfO2/ZnO stacks 
HfO2 films were deposited on single-crystalline ZnO (0001) substrates by using a 
ultrahigh-vacuum dc sputtering system for 1 hour at 400oC in oxygen plasma with a 
partial pressure of 1.7×10-3 Torr. After plasma oxidation, the samples were in-situ 
transferred into the XPS analysis chamber with a background pressure of 1×10-10 




Torr without breaking the vacuum. The band alignment for high-k HfO2 on ZnO was 
determined by in-situ x-ray photoemission spectroscopy characterization and first-
principles calculations based on density functional theory.  
Photoelectron spectroscopy studies were performed in a VG ESCALAB 220i-XL 
system. A concentric hemispherical energy analyzer and a magnetic immersion lens 
(XL Lens) are used to maximize the signal. All the spectra were obtained in the 
constant pass energy mode with pass energy of 10 eV to increase the energy 
resolution. Survey spectra were recorded with pass energy of 150 eV at 1 eV step 
width. The binding energy scale was calibrated with pure Au, Ag, and Cu by setting 
the Au 4f7/2, Ag 3d5/2, and Cu 2p3/2 at binding energies of 83.98, 368.26, and 932.67 
eV, respectively. An electron shower was used to compensate for charge effects. The 
electron flux was adjusted to a value for slight over-compensation of the positive 
charging on the sample surface to minimize peak broadening induced by unstable or 
lateral differential charging. 
5.2.1 Band alignment at HfO2/ZnO interfaces  
In order to measure the band alignment at the HfO2/ZnO interface, a thin HfO2 
film with a thickness of 40 Å was grown on ZnO (0001) substrate. As the penetration 
depth of x-ray photoelectron with energy of 1486.6 eV can be up to ~10 nm, the 
information from both the film and substrate can be seen from photoemission spectra 
simultaneously. The valence and conduction band discontinuities were determined by 
using method proposed by Kraut et al.51-52 In this work, Zn 3d and Hf 4f 7/2 were 
chosen as the reference to determine the energy band alignment. Figure 5.1 shows the 
Zn 3d and Hf 4f core level and valence band spectra of bare ZnO (0001), 40 Å HfO2 
film grown on ZnO (0001) substrate and a thick HfO2 film (~12nm) on ZnO (0001) 




substrate, respectively. In Figure 5.1 (a), the valence band edge of ZnO (0001) 
substrate is located at 2.49 eV, as determined by using linear extrapolation method 
that is the intersection of linear fits to the leading edge of the valence band spectra and 
the background. The energy difference between the valence band edge and the Zn 3d 
core level peak was measured to be 7.51±0.05 eV for ZnO (0001) substrate, which is 
in good agreement with the value reported previously.197 The energy difference 
between the valence band edge and the Hf 4f7/2 energy position was measured to be 
14.02±0.05 eV for HfO2 surface as shown in Figure 5.1 (c). For the HfO2/ZnO (0001) 
heterojunctions, the Zn 3d peak from substrate is aligned to obtain the same position 
as that of the ZnO (0001) substrate, and the valence band edge of HfO2/ZnO (0001) 
was determined to be 2.63 eV as shown in Figure 5.1 (b). The energy difference 
between Zn 3d and Hf 4f7/2 was determined to be 6.8±0.05 eV for HfO2/ZnO (0001). 
Therefore, the valence-band offset vE  for HfO2/ZnO (0001) is 0.29 eV by using the 
equation: 
7 / 2 7 / 22
2 2
4 4/ 3 3
/ (0001) (0001)( ) ( ) ( )
Hf f Hf fHfO ZnO Zn d Zn d
V cl cl HfO ZnO cl v HfO cl v ZnOE E E E E E E
         (5.1)  
However, this value of 0.29 eV is larger than the value 0.14 eV±0.05 eV obtained by 
“one-step” method, which is directly subtracting two aligned valence band edges from 
the substrates and thin films as shown in Figure 5.1. Both of the values above are 
obtained from XPS measurements, but we believe that the value of 0.14 eV is more 
accurate than the value of 0.29 eV obtained by Eq. 5.1, the reason have been 
discussed in Chapter 4.178 Therefore, the discrepancy of 0.15 shows that it is 
necessary to include the interfacial region into the calculation of band offsets.  





Figure 5.1 The valence band and Zn 3d photoelectron spectra of (a) bare ZnO (0001) 
substrate (b) 40 Å HfO2 film grown on ZnO (0001) substrate, and (c) thick HfO2 film 
on ZnO (0001) substrate. 
 
If we use the values for the band-gaps of HfO2 ( 2
HfO
gE 5.8 eV) and ZnO (
ZnO
gE 3.37 
eV), the conduction-band offset 2 /HfO ZnO
cE for HfO2/ZnO (0001) can be calculated by 
simply subtracting the valence-band offset and the energy gap of the substrate, which 
gives the value of 2.29±0.05 eV, and this value is in good agreement with the 
theoretical calculation by Robertson et al.196 Therefore, the conduction-band offset of 
HfO2/ZnO (0001) is larger than 1 eV, while the valence-band offset is only 0.14 eV, 
which is not sufficient to minimize the possible leakage current. Schematic diagram 
of the energy band alignment for the HfO2/ZnO systems is shown in Figure 5.2. This 
small VBO reduces the likelihood of HfO2 being used as a gate dielectric for p-type 
 











































channel in ZnO-based TFT due to insufficient hole barrier. Fortunately, ZnO is only 
envisaged as n-type channel material for transparent devices, the hole barrier is not 
important. 
 
Figure 5.2 Energy-band alignment for HfO2 grown ZnO. 
5.2.2 First-principle calculation on the structure and properties of 
HfO2/ZnO interfaces 
The theoretical calculation performed by Robertson et al. was based on the CNL 
model which only takes the bulk properties of HfO2 and ZnO into consideration. It is 
natural to assume that the small discrepancy between our measured band offset and 
the calculated one is due to other factors that were not included in the theoretical 
modeling,196 such as specific interface bonds. In order to clarify the physical 
mechanism of band alignment at the interface, we also performed first-principles 
calculations on various interface atomic configurations. 
The calculations are based on density functional theory by using Vienna ab initio 
simulation package198-200 with the frozen-core projector-augmented-wave method201 
and the generalized gradient approximation.202 For HfO2/ZnO (0001) interface 




calculations, a cutoff energy of 400 eV was used for electronic plane-wave expansion. 
The  centered grids were used for k point sampling in the first hexagonal Brillouin 
zone, with a mesh of 8×8×6 in the bulk calculation and a similar k point spacing in the 
interface slab calculations. The calculated bulk lattice constants of HfO2 are 
a=b=c=5.05 Å, and the calculated GGA band-gap is 3.82 eV because of well-known 
band-gap underestimation. The interface slabs consist of nine layers of ZnO (0001), 
seven layers of HfO2, and 12 Å of vacuum. All structures were thoroughly optimized 
by minimizing the Hellmann-Feynman forces acting on the atoms until it is smaller 
than 0.02 eV/Å. 
There are many possibilities for the HfO2/ZnO (0001) interface atomic 
configurations. Based on the electron counting rule proposed by Robertson et al.,203 
various interface structures with interfacial Hf-O (ZnO) and Zn-O (HfO2) bonds have 
been considered in this study. The relative stability of an interface is given by its 
formation energy. The smaller the interface formation energy, the more stable the 
interface structure. For the HfO2/ZnO (0001) interfaces, the interface formation 
energy can be expressed as follows: 
2
[ ]total HfO ZnO o
form




           (5.2) 
where Etotal is the DFT total energy of the interface supercell, n and m are the numbers 
of HfO2 and ZnO bulk units, respectively, EHfO2 and EZnO are the total energy per 
HfO2 and ZnO bulk unit, respectively, l is the number of oxygen atoms added (+, for 
O-rich situation) or removed (-, for Hf-rich) to create the interface, uo is the related 
chemical potential of oxygen, and A is the basal area of the interface slabs. Through 
comparing the relative interface formation energies, we found that the most stable 




interface structure is the one shown in Figure 5.3, which corresponds to an oxygen-
rich ambient. 
 
Figure 5.3 Interface model for HfO2/ZnO(0001). Blue atoms are Hf, red atoms are O 
and gray atoms are Zn. 
 
This interface structure is likely related to experimental situation since in our 
experiment the HfO2 dielectrics were grown on ZnO (0001) surface in oxygen-rich 
ambient. The projected density of states of this interface structure was calculated also, 
in which the PDOSs of oxygen atoms residing in the middle layer of the respective 
materials (referred to bulk ZnO and bulk HfO2) are shown in Figure 5.4.  It is noted 
that there is a rigid shift of relative energy position of the O atoms in Figure 5.4 due to 
the interface net dipole formation. Such shift can be used to estimate valence-band 
offset of the interface directly,204 which is about 0.40 eV. Robertson et al. also 
calculated the band offset at HfO2/ZnO using CNL method and the value they 
obtained is about 0.60 eV,205 slightly larger than our calculations, which might be 
attributed to the fact that CNL calculations do not consider effects of specific 
interface bonding structures. 





Figure 5.4 Density of states of bulk ZnO (0001) and HfO2/ZnO (0001). 
 
Besides, our calculation result is slightly larger than our experiment result as 
shown in Figure 5.2. This may be partially from this semiquantitative PDOSs method, 
and other factors such as perfect crystalline interface structures were assumed in the 
calculation and amorphous thin films in experiment might also contribute to the 
difference.  
In addition, we also calculated valence band offsets of other possible interface 
structures as shown in Figure 5.5, and found that the different interface bonding 
structures or interface chemical compositions can modify the valence band offsets 
greatly, which range from 0.40 eV to 1.23 eV. Figure 5.5 (d) is the most stable 
interface structure as shown in Figure 5.3. This means that the band offsets are 
intrinsic properties of HfO2/ZnO, which are sensitive to the interface bonding 
structures or interface stress. Therefore, it implies that by varying the film growth 
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condition, we may control the interface structure to engineer the band offset at the 
high-k/ZnO interface to meet device requirements.  
 
Figure 5.5 Six interface models for HfO2/ZnO (0001). Blue atoms are Hf, red atoms 
are O and gray atoms are Zn. 
 
5.3 Interfaces characterization of ZrO2/ZnO stacks 
The epitaxial hetero-structures of ZrO2/ZnO were grown by laser molecular beam 
epitaxy and the interface structure was investigated by using high-resolution x-ray 
diffraction and transmission electron microscopy. Yttrium-stabilized (YSZ) ZrO2 
single crystal target was used to deposit films. The deposition was operated at a 
substrate temperature of 700–730oC in an ambient oxygen pressure of 6.0×10-3 mbar. 
A KrF excimer laser (pulse duration 30 ns, wavelength 248 nm) was operated with a 
fluence of 1.5 J/cm2 and laser frequency of 3 Hz on target surface.   




5.3.1 Epitaxial relationship of ZrO2/ZnO heterostructure 
High-resolution x-ray diffraction was performed to determine the epitaxial 
relationship of YSZ-ZnO hetero-structure. Figure 5.6 (a) is a typical 2-theta scanning 
of epitaxial ZnO thin film on YSZ (111) substrate, which shows that (0002) plane of 
ZnO is parallel to the YSZ (111) surface. The (0002) x-ray rocking curve shows that 
the value of full-width at half maximum is only 0.03 degree, indicating high-quality 
of ZnO film deposited on YSZ. To investigate the in-plane crystallinity, in-plane ψ-
scans through ZnO (10-11) and YSZ (200) were performed as shown in Figure 5.6 (b). 
This shows well-aligned in-plane epitaxy with six-fold symmetry for ZnO film and 
three-fold symmetry for YSZ.  The orientation relationship between ZnO and YSZ is 
determined to be (0002)ZnO//(111)YSZ and [1 1-20]ZnO//[1-10]YSZ, which is 
consistent with previous reports.206-208 The in-plane mismatch can be deduced to be 
about 10% as expected from the crystal lattices of ZnO and YSZ as shown in Figure 
5.6 (c).  
 






Figure 5.6 (a) Out-of-plane XRD pattern of epitaxial ZnO on YSZ (111), (b) in-plan 
XRD pattern of epitaxial ZnO on YSZ (111), and (c) schematic orientation 
relationship of ZnO (0001) on YSZ (111). 
 
 




5.3.2 Band alignment at ZrO2/ZnO interfaces 
In order to measure the band alignment at the epitaxial ZrO2/ZnO interface, an 
yttrium-stabilized ZrO2 film with a thickness of 50 Å was grown on ZnO (0001). As 
the penetration depth of x-ray photoelectron with energy of 1486.6 eV can be up to 
~10 nm, the information from both the film and substrate can be seen from 
photoemission spectra simultaneously. The valence and conduction band 
discontinuities were determined using a photoemission-based method proposed by 
Kraut et a.l 52. The core levels (Zn 3d for ZnO substrate and Zr 3d5/2 for YSZ thin film 
respectively) simultaneously measured from the ZrO2/ZnO heterostructures were used 
to align the energy bands in the two sides. One simple and accurate method to 
accurately determine the valence band maximum for semiconductor or oxide from 
XPS valence band spectra is the linear method, by finding the intersection of two 
straight line segments, of which one fits to the linear portion of the valence band 
leading edge and one fits to the background channels between the VBM and the Fermi 
level.209 In Figure 5.7 we show that the VBMs for ZnO and YSZ can be determined 
accurately by this linear method from XPS valence band spectra. In Figure 5.7, we 
show the core-level and valence band spectra for bulk ZnO (0001), bulk YSZ (111), 
and YSZ/ZnO hetero-junctions used to determine the band offsets. The energy bands 
in Figure 5.7 have been aligned using Zr 3d5/2 and Zn 3d core levels as the reference 
levels. The energy difference between the valence band edges and the energy position 
of Zn 3d peak was measured to be 7.22 ± 0.05 eV for ZnO (0001) substrate, which is 
consistent with previous reported values.197 The energy difference between Zr 3d5/2 
and the VBM of ZrO2 was measured to be 179.25 ± 0.05 eV for YSZ (111) surface 
and the energy difference between Zr 3d5/2 and ZnO 3d  was determined to be 172.30 




± 0.05 eV for 50 Å epitaxial YSZ on ZnO (0001). 
 
Figure 5.7 Core-level and valence band photoelectron spectra for (a) single crystal 
ZnO (0001) surface, (b) 50 Å epitaxial YSZ on ZnO (0001), and (c) thick 200 Å 
epitaxial YSZ film on ZnO (0001) surface. 
 
Then, the valence band offset was determined to be 05.027.0  eV by using the 
equation: 
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E   the energy position of Zr 3d5/2, sZnE 1  the energy position of Zn 3d, and 
VE  the valence band edge. This small band offset would be a problem for CMOS 
devices, but for ZnO-based TFT application, these semiconductor oxides are only 
envisaged as n-type channels, the hole barrier is irrelevant.210-211 Therefore, the small 
 








































valence band offset will not be an issue for device application. 
With the measured valence band offset, the conduction band offset can be 
obtained by the simple equation: 
VBOEECBO ZnOgZrOg   )( 2                 (5.4)
 
where 
2ZrOgE   and ZnOgE   are band gaps for ZrO2 and ZnO respectively. The band 
gap of ZrO2 was determined to be ~5.8 eV by using the ultra-violet adsorption, while 
that for ZnO is 3.37 eV. Therefore, the CBO for ZrO2/ZnO interface is 2.16 eV. The 
valence band offset (0.27 ± 0.05 eV) we obtained here for epitaxial ZrO2/ZnO 
interface is close to the value (0.20 eV) calculated by Robertson et al.210-211 by using 
CNL model and Monch by using branch point method.212 However, both of these two 
methods did not consider the interface atomic structure effect on the band alignment, 
which is very important for experimenters to define their film fabrication parameters.  
5.3.3 First-principle calculation of electronic structure of ZrO2/ZnO 
interfaces 
We also resolved to first-principles calculations based on density functional theory 
for studying the band alignment of ZrO2/ZnO interface and determine its interface 
atomic structure by applying interface formation energy method. The first-principles 
calculations were performed by using VASP  code with Vanderbilt ultrasoft 
pseudopotentials and the generalized gradient approximation.198-200 The plane-wave 
basis cutoff is 400 eV. Based on the x-ray diffraction results as shown above, the 
orientation relationship between ZnO and YSZ can be determined as 
(0002)ZnO//(111)YSZ and [1 1-20]ZnO//[1-10]YSZ, where the Zn atoms sit directly 
on O atoms of O-terminated YSZ(111) surface with same hexagonal structure as 




ZnO(0001) surface. Based on above orientation relationship, possible interface atomic 
configurations with various types of ZnO/ZrO2 interfaces were built to calculate the 
interface formation energy and determine the most stable interface structure. The 
supercells consist of 30 Å thickness of ZnO and 26 Å thickness of ZrO2 to ensure the 
bulk like convergence of middle layers for two materials. Repeated slab geometry 
with 12 Å vacuum between the upper ZnO surface and the lower ZrO2 surface is 
adopted to avoid the artificial Coulomb interaction between the two succeeding slabs.  
The comparison for interface formation energy of possible interface models shows 
that the interface as shown in Figure 5.8 (a) is the most stable one in high oxygen 
potential, which is corresponding to our growth condition of high oxygen partial 
pressure. From Figure 5.8 (a), it is found that besides Zn atoms sitting directly on O 
atoms of O-terminated YSZ(111) surface, an additional O atom bridge saturates two 
Zr atoms. As both of valence band edges of ZnO and ZrO2 are contributed by O atoms, 
the VBOs of ZnO/ZrO2 interface can be determined by using the projected density of 
states of two oxygen atoms as shown in Figure 5.8 (b).  
 
Figure 5.8  (a) Schematic atom configuration at ZnO (0001)//ZrO2 (111) interface; (b) 
PDOS of the oxygen atoms from the bulk-like ZnO and ZrO2 regions in the model. 




Here the solid line represents PDOS of oxygen from the bulk-like region of ZnO 
and the dashed line corresponds to that of oxygen from the bulk-like region of ZrO2. 
The calculated valence band edge is 0.35 eV, which is slightly larger than our 
experimental measurement. It is noted that result obtained by Robertson and Monch 
based on classic CNL model of bulk ZrO2 and ZnO is smaller than our experimental 
value by roughly the same amount.210-212  
5.4 Thermal stability and band alignment of N-doped ZnO 
In recent years, the most significant obstacle to the widespread use of ZnO-based 
new generation of optoelectronic devices in the blue and ultraviolet light-emitting 
devices is due to the difficulty in p-type doping, 213, 215, 216-217 which is mainly 
attributed to adverse effects such as contributions from deep acceptor dopants, strong 
self-compensation of shallow acceptors by native donor defects. Nitrogen (N) is 
widely regarded as the most promising p-type dopant, producing the shallowest 
accepter level compared to the other V-group elements as phosphorus (P) and arsenic 
(As).218 In order to clarify the chemical bond states to valance band spectra in N-
doped ZnO films and their effect on the electronic structure and thermal stability, in 
this work, N-doped ZnO films have been fabricated by using atomic nitrogen source 
nitridation. The effect of nitrogen incorporation on the electronic structure and 
thermal stability has been investigated by using in-situ x-ray photoelectron 
spectroscopy characterization and first-principles calculation. 
5.4.1 Nitridation treatment of ZnO and its thermal stability 
The single-crystalline ZnO (1010) was transferred into x-ray photoelectron 
spectroscopy system for different treatments. Before the analysis, the sample was 




annealed at 500oC for 5 min to remove the carbon compounds and hydroxyls (OH) 
absorbed on the sample surface. Then direct nitridation was carried out in the sample 
preparation chamber of an XPS ultra-high vacuum multi-chamber system by using 
Oxford Applied Research (OAR) atomic nitrogen source for 30 min with the N2 
partial pressure of 4.5× 10-5 mbar.55 Then the nitrided ZnO (1010) was in-situ 
transferred to XPS analysis chamber for the investigation of chemical states, band 
alignment and thermal stability. The samples were in-situ annealed at 300oC, 400oC, 
and 500oC by resistive heating in UHV condition for 5 minutes respectively. Figure 
5.9 (a) shows the valence band and Zn 3d photoelectron spectra of as-received ZnO 
film, ZnO film with nitridation at room temperature for 30 min, and nitrided ZnO 
annealed at 300oC, 400oC and 500oC for 5 min separately. In this work we choose Zn 
3d located at 10.4 eV as the reference to determine the value of valence band.  
Figure 5.9 (b) shows the zoom in valence band photoelectron spectra of as-
received ZnO film, ZnO film with nitridation at room temperature for 30 min, and 
nitrided ZnO annealed at 300oC, 400oC and 500oC for 5 min separately. For as-
received ZnO film, its leading edge of valence band is at 3.18 eV, as determined by 
using linear extrapolation method that is the intersection of linear fits to the leading 
edge of the valence band spectra and the background. However, a significant change 
can be observed from valence band spectra of ZnO film after nitridation. The leading 
edge of valence band spectra shifts from 3.18 eV for perfect single crystalline ZnO 
film to 3.08 eV for ZnO film after nitridation at room temperature for 30 min, which 
is believed to be due to the formation of Zn-N bonds that corresponds to nitrogen 
substitution on the oxygen sublattice or nitrogen substituted ZnO with interstitial 
oxygen, as shown in Figure 5.10. 





   (a)                                                                 (b) 
Figure 5.9 (a) The valence band and Zn 3d photoelectron spectra of as-received ZnO 
film, ZnO:N at RT, and nitrided ZnO after annealing at 300oC, 400oC and 500oC  
(b)The zoom in valence band photoelectron spectra of as-received ZnO film, ZnO:N 
at RT, and nitrided ZnO after annealing at 300oC, 400oC and 500oC. 
 
 
But after in situ annealing at 300oC and 400oC for 5 min in UHV condition 
separately, the valence band edge shifts upward from 3.12 eV to 3.19 eV which may 
be due to the break of N-O bonds as shown in Figure 5.10. Then the nitrided ZnO 
annealed at 500oC, it was found that the valence band edge shifts backward to 3.10 eV, 
the possible reason might be due to the creation of large amounts of native defects 
 












































































donors such as oxygen vacancies (Vo), zinc interstitial (Zni) and zinc antisite (Zno) in 
ZnO,219-220 which can act as a strong compensation for N-acceptors in ZnO.  
Figure 5.10 shows XPS core level spectra N 1s of ZnO film after nitridation. 
Through XPS peak fitting, it was found that there are mainly three peaks in the N 1s 
spectra. The peak around 397.5 eV could be attributed to Zn-N bonds which can be 
regarded as the substitution of O atoms or vacancies with N atoms in the film, while 
the peak around 400.5 eV should be due to the formation of N-O bonds by the 
substituted N atoms connecting to interstitial O atoms or the bonds of O atoms 
connecting to interstitial N atoms.196 Additionally, the peak around 399 eV may be 
originating from the chemical states of neutrally N dangling bonds or N-N bonds.221-
223  
We can find that the peak around 400.5 eV decreased after thermal annealing at 
400oC. We can also find that the peak around 397.5 eV attributed to Zn-N bonds 
became more distinct after thermal annealing, suggesting that the N-O bonds broke 
and therefore more Zn-N bonds formed during the annealing process. After thermal 
annealing at 500oC, it was found that most of the molecular nitrogen escaped from the 
sample and only Zn-N peaks can be observed in the sample. Therefore, N-related 
bonds have quite different stability, in good agreement with the report by Petravic et 
al.224 





Figure 5.10 N 1s of nitrided ZnO at RT and nitrided ZnO after annealing at 300oC, 
400oC and 500oC. 
 
 
5.4.2 First-principle calculation of electronic structure of N-doped ZnO 
For theoretical approach to understand the contributions of chemical bond states 
to valance band spectra for the experiment, first-principles electronic structure 
calculations based on density functional theory was performed to investigate the 
effect of nitridation on electronic properties of ZnO in atomic scale. 128 atoms 
supercell of ZnO was used as a basis block for five possible models: pure bulk 
ZnO, defect ZnO structures with oxygen vacancies (ZnO-Ov), ZnO with N 
substitution (ZnO-N), as well as N substituted ZnO with O interstitial (ZnO-N-Oint) 
and N interstitial ZnO (ZnO-Nint). 1/31 ratio for N and O atoms was adapted for 
nitrogen incorporation. For defect involved models, at least 10Å separation 
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distance between two adjacent defect points was taken into account to minimize the 
artificial Coulomb interaction between the defects. VASP with the frozen-core 
projector-augmented-wave method (PAW) and the generalized gradient 
approximation proposed by Perdew, Becke and Ernzerhof was used to minimize the 
total energies of the five models respectively. A plane-wave cutoff corresponding to a 
kinetic energy of 400 eV was applied. 
Local density of states (DOS) for bulk ZnO, ZnO with oxygen vacancies (ZnO-
Ov), ZnO with N substitution (ZnO-N), N substituted ZnO with O interstitial (ZnO-N-
Oint) and N interstitial ZnO (ZnO-Nint) are shown in Figure 5.11. In order to give clear 
change of the valence band edge, the atomic site-projected density of states of O 
atoms which are far away from defect or substituted coordinates in each supercells are 
used as the reference for band energy alignment. For pure ZnO, the valence band is 
mainly formed by O 2p state while the Zn 2s form the conduction band, as shown in 
Figure 5.11 (a). But for N doped ZnO, nitrogen 2p energy states apparently dominate 
the valance band edge.129 The difference of valance band edge for pure bulk ZnO and 
ZnO-Nsub is about 0.19eV, as shown in Figure 5.11 (c). This is good agreement with 
our photoemission results at the valance band concerning the reduced value of valance 
band edge, about 0.1eV (from 3.18 for ZnO to 3.08 for ZnO : N) as shown in Figure 
5.9 (b) and is consistent with the report by Sayan et al.225 After nitridation, the N-O 
bonds can be observed and might be due to the interstitial N or O atoms. Therefore, in 
our calculation, two models of N substituted ZnO with O interstitial (ZnO-N-Oint) and 
N interstitial ZnO (ZnO-Nint) are constructed to study the effect of of these intersititial 
O and N atoms on the electronic structure of nitrided ZnO. As shown in Figure 5.11 
(d), for the local DOS of N substituted ZnO with O interstitial atoms, N 2p electron 




form gap states close to the valence band edge of ZnO, about 0.24 eV above the O 2p 
state, which is in good agreement with our photoemission results that the valence 
band edge for nitrided ZnO shifts upward about 0.11eV after annealing at 400oC, As 
shown in Figure 5.9 (b) and (c); While for ZnO with N interstitial atom, we can find 
that interstitial nitrogen atom only introduces gap states within the band gap and does 
not contribute to the shift of the valence band edge. Therefore, we believe that N-O 
bond is dominated by N substituted ZnO with O interstitial instead of interstitial N 
and the N-O bonds might be broken to form stable N–Zn bonds during the annealing 
process. After 500oC annealing, the valance band edge value shifts downward again, 
which can be explained by the model of ZnO with oxygen vacancies as shown Figure 
5.11(b) that the Zn 2s orbital electrons now take place of O 2p at the valance band 
edge region and govern the distinguishing feature there. Therefore, the band-gap once 
again is reduced because of other mechanism rather than doping effects.  
 





Figure 5.11 Density of states of (a) pure ZnO, (b) ZnO with O vacancy, (c) ZnO with 
nitridation, (d) ZnO with nitridation and O interstitial, and (e) ZnO with N interstitial. 
Black lines indicate the total density of states for the models: red, green and cyan lines 
indicate the atomic site-projected density of states for oxygen atoms in bulk-like 
region, nitrogen atoms and zinc atom respectively. 
 
5.5 Summary 
In summary, stoichiometric HfO2 dielectrics with good quality have been grown 
on ZnO (0001) substrate using plasma oxygen source during dc sputtering. The 
corresponding conduction band offset is determined to be 2.29±0.05 eV by using in 
situ x-ray photoemission spectroscopy and is well consistent with the theoretical 




calculation results. The sufficient conduction band offset at the HfO2/ZnO interface 
shows that HfO2 is a promising dielectric layer for ZnO-based transparent devices. 
The valence band offset of ZnO/YSZ heterojunction has been measured as 
05.027.0  eV, which agrees well with the values from theoretical calculations.  The 
non-symmetry type-I heterojunction between ZnO and YSZ gives a conduction band 
offset of 2.16±0.05 eV. The large band offsets and small lattice mismatch between 
ZnO and YSZ suggest potential for the use of YSZ as a gate dielectric in ZnO-based 
transparent electronic devices.  
The effect of nitrogen incorporation on the electronic structure and thermal 
stability of N-doped ZnO films have been investigated by using in-situ x-ray 
photoelectron spectroscopy and first-principles calculation. It is found that the leading 
edge of valence band spectra shifts from 3.18 eV for perfect single crystalline ZnO 
film to 3.08 eV for ZnO film after nitridation at room temperature, which is 
considered to be due to the formation of Zn-N bond and N-O bond. After thermal 
annealing, the valence band edge shifts upward to 3.19 eV, which is maybe caused by 
the break of N-O bonds to form stable Zn-N bonds. Additionally, through first-
principles calculation, it was found that Zn-O bonds are formed by oxygen interstitial 
state during the doping process instead of nitrogen interstitial state. 
 




6. Chapter six 
Conclusions and Future Works 
6.1 Conclusion 
In this research, various characterization techniques, especially x-ray 
photoemission spectroscopy and first principles calculations based on density 
functional theory were used in studying the growth as well as electronic and interface 
properties of high-k dielectrics/wide band-gap semiconductors system, including the 
HfO2/WBGs (SiC, GaN, ZnO), HfO2/graphene/SiC, the N-doping of high-k 
dielectrics films (HfO2) and ZnO. Besides, the electrical properties of Ni/HfO2/WBGs 
(Ni/HfO2/SiC, Ni/HfO2/GaN) MOS capacitors were also investigated by applying a 
varying voltage between the metal and substrate.  
Firstly, we have successfully developed a process of integration of high-k 
dielectrics (HfO2) on SiC. Before the growth of HfO2, the surface of SiC was 
successfully passivated by using direct atomic N source nitridation. A Si3N4 overlayer 
was synthesized and a highly stable S3N4/SiC interface was formed. For the 
integration of HfO2/SiC, the valence and conduction band offsets at HfO2/4H-SiC 
interfaces were measured to be 1.02 eV and 1.53 eV by in situ x-ray photoelectron 
spectroscopy, respectively, which have sufficient barrier heights to inhibit current 
leakage. The Ni/HfO2/SiC MOS capacitors were successfully fabricated to investigate 
the capacitance-voltage (C-V) and current-voltage (I-V) characteristics. The frequency 
dispersion of the C-V characteristics of Ni/HfO2/SiC MOS capacitors is due to the 
formation of an inhomogeneous layer at the semiconductor-oxide interface. It can be 




seen that the oxygen vacancies are the major defects inducing oxide fixed oxide 
charges in the as-deposited films. In addition, it was found that the stretch-out of C-V 
curve for the as-deposited film is larger than that of N2 and O2 RTP C-V curve, 
implying the improved interface quality of HfO2/SiC after RTP.  
Another important result in my research is the in situ photoemission spectroscopy 
study on formation of HfO2 dielectrics on epitaxial graphene on SiC substrate. The 
hydrophobic and chemically inert nature of the basal plane of graphene prohibits 
direct growth of high-k dielectric materials by atomic layer deposition. To date, the 
experiment studies on the deposition of gate dielectric thin film on graphene are stil l 
lacking. In our work, stoichiometric HfO2 dielectrics of good quality have been 
successfully grown on graphene/4H-SiC(0001) substrate by by using in situ plasma 
oxidation of metal Hf layer. The graphene maintains stable structure before and after 
deposition of the high-k oxide. HfO2/graphene interface is thermally stable up to 650 
oC in ultrahigh vacuum. A shift of core-level spectra is observed from graphene layer 
which implies that charge transfer takes place at the interface. Our work shows that 
the formation of high-k dielectric on graphene is promising for the development of 
graphene-based field-effect transistors and non-conventional nanoelectronic devices. 
Secondly, we have also successfully developed a process of integration of high-k 
dielectrics (HfO2) on n- and p-type GaN substrates. The combination of ex situ and in 
situ cleaning of GaN surfaces was conducted to remove surface contaminations. This 
surface treatment method has produced GaN surface free of carbon and oxyge n 
contamination. Good quality HfO2 has been grown on n- and p-type GaN substrates 
by sputtering pure Hf metal in oxygen plasma. The in situ x-ray photoemission 




spectroscopy has been used to measure the valence and conduction band offsets of 
HfO2/n-type GaN hetero-structure with the values of 0.94±0.05 eV and 1.66±0.05 eV, 
respectively. For HfO2/p-type GaN interface, the valence and conduction band offsets 
are determined to be 1.08±0.05 eV and 1.52±0.05 eV. Capacitance and current 
properties responding to the variation of bias voltage of Ni/HfO2/n- and p-type GaN 
metal-oxide-semiconductor capacitors were investigated. Capacitance-voltage 
measurements at room temperature show low trapped fixed oxide charges, low 
interface trap density at the midgap and small hysteresis. A low leakage current 
density was also found by current-voltage measurement. Rapid thermal annealing of 
Ni/HfO2/n- and p-type GaN in nitrogen and oxygen ambient can help to reduce the 
leakage current and fixed oxide charges. These results would deepen our 
understanding of integration of high-k oxides (HfO2) with GaN substrates for the new 
generation GaN-based MOS devices in high-temperature, high-power and high-
frequency applications. 
Thirdly, band offsets of HfO2/ZnO and ZrO2/ZnO interface were studied by using 
in situ x-ray photoelectron spectroscopy measurement and ab initio calculation. The 
valence and conduction band offsets for HfO2/ZnO (0001) hetero-junctions have been 
determined to be 0.14±0.05 eV and 2.29±0.05 eV respectively by using in situ XPS. 
First-principles calculations show that the valence band offset at the HfO2/ZnO (0001) 
interface of the most energetically favorable interface structure is 0.40 eV, which is 
consistent with the experimental results. Theoretically, various possible interface 
structures for epitaxial growth of HfO2 on ZnO surface have been proposed, and their 
relative stability was compared in terms of calculated interface formation energy. The 
interface structures and band offset are found to be dependent strongly on oxygen 




chemical potential. This provides us a possibility to tune desired interface structures 
or engineer the band offsets of high-k dielectrics such as HfO2 on ZnO substrate by 
carefully controlling oxygen chemical potential during the experimental fabrication 
processes. The valence and conduction band offsets of ZrO2/ZnO were found to be 
0.27±0.05 eV and 216±0.05 eV, respectively. The results are in good agreement with 
values from theoretical calculations. The large conduction band offset and small 
lattice mismatch between ZnO and ZrO2 suggest potential for ZrO2 to be used as a gate 
dielectric in ZnO-based transparent electronic devices. Additionally, the effect of 
nitrogen incorporation on the electronic structure and thermal stability of N-doped 
ZnO films have been investigated by using in-situ x-ray photoelectron spectroscopy 
and first-principles calculation. XPS spectra indicate that the leading edge of the N-
doped ZnO at room temperature has a clear downward shift which caused the band-
gap shrinkage. Therefore, the band-gap shrinkage may be attributable to the 
appearance of Zn-N bond. However, after thermal annealing at high temperature, the 
N-O bonds are thermally unstable. Additionally, through first-principles calculation, it 
was found that Zn-O bonds are formed by oxygen interstitial state during the doping 
process instead of nitrogen interstitial state. These studies about the band alignment of 
HfO2/ZnO and ZrO2/ZnO interfaces as well as N-doped ZnO could directly benefit for 
the application of ZnO-based semiconductor industry.  
Finally, the effect of nitridation on the electronic structures and thermal stabilities 
of high-k dielectrics films (HfO2) was studied. It was found that there are three types 
of bonds with N atoms: metal-N bonds, semi-N bonds and N-O bonds, irrespective of 
the semiconductor substrates. The chemical states and distribution of N states are 
strongly influenced by the annealing temperature. We chose HfO2 films as a prototype 




to study the nitrogen-doped HfO2 films in both experimental and theoretical ways. It 
was found that nitrogen doping not only can effectively passivate the oxygen 
vacancies in HfO2 films, but also can change the band structures of HfO2. There are 
both substitutional and interstitial N states existing in nitrogen-doped HfO2 films. 
First-principles calculation shows that gap states formed in oxygen vacancy-rich 
model disappear with the N atoms occupying the oxygen vacancy sites, indicating that 
the nitridation process helps to passivate oxygen vacancies in the gate dielectrics and 
remove electron leakage path mediated by oxygen vacancies and the N-O bond is 
dominated by interstitial N atoms and would break to form stable N-Hf bonds during 
vacuum annealing. These results clarify that the nitridation process should be well 
controlled to optimize the performance of high-k dielectric films.  
Based on the above results of integration of HfO2 films on various wide band-gap 
semiconductor substrates, it was noticed that HfO2 dielectrics films is a promising 
candidate to be integrated with various high performance wide band-gap 
semiconductors in the new generation of MOSFETs devices. We explored the basic 
rule on the relationship of procedure, microstructure and physical properties of 
integration of high-k oxide with wide band-gap semiconductor hetero-junctions, and 
provide an experimental sample and a theoretical foundation for large scale practical 
applications in the future. 
6.2 Future works 
Nowadays, for most high-k dielectrics used in the form of amorphous or poly-
crystalline, it is still a long way to realize the integration of epitaxial high-k dielectrics 
with semiconductors. The advantages of epitaxial oxides are their abilities to create 
more abrupt interfaces which allow us to reach lower EOTs. In the future work, more 




work can be attempted to deposit epitaxial HfO2 films directly on other wide band-
gap semiconductors. To achieve these goals, proper growth conditions, such as the 
pressure of oxygen ambient, the growth temperatures, post-annealing temperature and 
time, should be chosen carefully. 
In the application of metal/high-k dielectrics, choosing proper metal gate materials 
integrated with high-k dielectrics, particularly in PMOS devices, is considered as the 
major challenges. We readily acknowledge that our study is barely based on 
prototypes of metal gate and high-k dielectrics materials, e.g. Ni metal grown on HfO2 
films, which represent ideal situations compared with the much more complicated 
situations in real metal gates/high-k materials applications. Future work is needed to 
identify to what extent the results (e.g., the interfacial electronic structures, thermal 
stabilities et al.) found here can be applied in more metal gate/high-k dielectrics 
systems.  
Finally, our work is based on the investigation on electronic and interface 
properties of the MOS gate stacks, while MOS gate stacks is only a basic part of the 
transistor and there are still other components such as source and drain which need to 
be completed for the fully-formed transistor. Hence, future work is needed to engineer 
integral transistors to identify to what extent the results found here can be applied in 
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